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NOTICE 
T h i s  r e p o r t  was prepared as an account of  Government-sponsored w o r k .  Ne i ther  
t h e  Un i ted  States, n o r  t h e  Nat ional  Aeronaut ics  and Space Admin is t ra t ion  ( N A S A )  , 
n o r  any  person ac t ing  on  behal f  of NASA: 
A. Makes a n y  w a r r a n t y  o r  representat ion,  expressed o r  implied, w i t h  respect  
t o  the accuracy,  completeness, o r  usefulness o f  t h e  in format ion conta ined 
in th is  repor t ,  o r  t h a t  t h e  use of any informat ion,  apparatus,  method, o r  
process disclosed in t h i s  r e p o r t  may n o t  i n f r i n g e  upon p r i v a t e l y - o w n e d  
r ights;  o r  
B. Assumes any  l iab i l i t ies  w i t h  respect  t o  use of, o r  for damages r e s u l t i n g  
f rom t h e  use of, any informat ion,  apparatus,  method o r  process disclosed 
in t h i s  r e p o r t .  
As used above, "person a c t i n g  on  behal f  of NASA" inc ludes any employees o r  
cont rac tor  o f  NASA, or  employee of such contractor ,  t o  t h e  e x t e n t  that  such em- 
ployee o r  cont ractor  of NASA o r  employee o f  such c o n t r a c t o r  prepares,  dissemi- 
nates, o r  prov ides access t o  any in format ion p u r s u a n t  t o  t h i s  employment o r  con- 
t rac t  w i t h  NASA, o r  h is  employment w i t h  such cont rac tor .  
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FOR EWO R D 
T h i s  topical  r e p o r t  presents resul ts  of  a study t o  def ine t h e  character is t ics  o f  a 
Regenerat ive Fuel Cell  Energy  Storage System f o r  a l a rge  space stat ion opera t i ng  in 
low ea r th  o r b i t  (LEO).  T h e  Regenerative Fuel Cell  System employs a n  a lka l ine 
e lect ro ly te  f u e l  ce l l  w i t h  t h e  opt ion o f  employing e i the r  an alkal ine or a sol id  
polymer e lect ro ly te  e lect ro lyzer .  
T h e  s t u d y  was conducted f o r  t h e  National Aeronaut ics and Space Admin i s t ra t i on -  
Lewis Research Center  u n d e r  Con t rac t  No. NAS3-22234, Task  IX,  Regenera t ive  Fuel  
Cell  System (RFCS) s t u d y  and  Engineer ing Model System [EMS) Space Pro to type  
Design f rom 1 October 1983 t h r o u g h  30 J u l y  1984. 
T h e  NASA Project  Manager f o r  t h i s  contract  was M r .  Dean W. Sheibley.  T h e  
con t r i bu t i ons  of  Mr .  Sheibley and o t h e r  members o f  t h e  Electrochemistry B ranch  
s ta f f  a t  NASA-LeRC a re  g r a t e f u l l y  acknowledged. 
T h e  Project  Manager f o r  Power Systems Divis ion (PSD) was M r .  R.  E. M a r t i n  w i t h  
system eng ineer ing  p rov ided  by M r .  J. Garow and Mr .  K .  B .  Michaels. Computer  
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I .  SUMMARY 
Scope o f  Study 
T h i s  topical  r e p o r t  p resents  t h e  resu l ts  of a s t u d y  per fo rmed u n d e r  T a s k  IX o f  
NASA Cont rac t  NAS3-22234. T h e  s t u d y  def ined t h e  charac ter is t i cs  o f  a Regenera- 
t i v e  Fuel  Cel l  System (RFCS) system f o r  Space Stat ion appl icat ions.  These resu l ts  
may b e  used d i r e c t l y  in Phase B Space Stat ion s tud ies.  T h e  RFC may b e  a 
stand-alone e n e r g y  s torage system, can be i n t e g r a t e d  w i t h  o t h e r  s ta t ion systems 
such as env i ronmenta l  control and propuls ion a n d  can s u p p l y  emergency o r  peak 
load power.  T h i s  opera t ing  f l e x i b i l i t y  can p r o v i d e  impor tan t  benef i t s  in init ial  
Space Stat ion cons t ruc t ion  a n d  o t h e r  phases o f  normal a n d  emergency operat ion.  
T h e  va lue  o f  these benef i t s  must  b e  determined in t h e  Phase B studies.  
T h e  pac ing  technology items f o r  achiev ing a 1991 i n i t i a l  operat ional  capab i l i t y  ( IOC) 
were  ident i f ied  a n d  development p l a n s  for each were establ ished. A 10-kW 
Eng ineer ing  Model System (EMS) demonstrator unit  was de f ined and character ized.  
A n  EMS development p r o g r a m  p lan  was prepared.  
RFC Basel ine System 
T h e  basel ine system is composed o f  several RFCS modules, each consis t ing o f  a f u e l  
cel l  i n t e g r a t e d  w i t h  an e lect ro lyzer  un i t ,  as shown in F i g u r e  1. T h e  fue l  cel l  a n d  
e lect ro lyzer  a r e  mounted in a common suppor t  s t r u c t u r e  w i t h  accessories a n d  con- 
t ro ls ,  as shown in F i g u r e  2 .  T h i s  arrangement is  one o f  several  t h a t  a r e  possible.  
Reactant s torage can b e  located remotely o r  in close p r o x i m i t y  t o  t h e  RFCS module. 
In  add i t ion  t o  operat ion in t h e  cyclic energy s to rage-energy  supply mode, t h e  RFCS 
is  capable of cont inuous operat ion as ei ther a f u e l  cel l  o r  a n  e lect ro lys is  unit, using 
e x t e r n a l l y  supp l ied  reactants or  water,  respect ive ly .  T h i s  permi ts  in tegra t ion  of 
t h e  RFCS w i t h  o t h e r  s ta t ion systems, and also allows t h e  RFCS to p r o v i d e  
emergency power  a n d  power during stat ion cons t ruc t ion .  T h e  basel ine RFCS can b e  
based on e i t h e r  t h e  a lka l ine o r  acid sol id polymer e lec t ro ly te  (SPE) e lect ro lyzer .  
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F igu re  1.  Baseline Regenerat ive Fuel Cell  System 
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F igu re  2 .  Baseline Regenerat ive Fuel Cell  Module 
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Both  e lect ro lyzers have simi lar  phys ica l  and per formance character is t ics  but r e s u l t  
in v a r y i n g  system complexit ies when combined w i t h  a n  a lka l ine fue l  cel l .  Selection 
o f  a n  e lect ro lyzer  t y p e  was n o t  made i n  this study. 
System Character is t ics  
T h e  RFCS character is t ics  were  de f ined parametr ical ly f o r  use in t h e  Phase B Space 
Stat ion t r a d e  s tud ies.  T h e  character is t ics  a r e  based on  t h e  a lka l ine e lec t ro lyzer .  
T h i s  choice resu l ts  in a conserva t ive  weight est imate. T h e  SPE e lect ro lys is  unit 
could p r o v i d e  about  a 10 p e r c e n t  we igh t  saving in a RFCS module. 
T h e  RFCS character is t ics  were determined f o r  module power r a t i n g s  o f  10 k W  t o  50 
kW, as a f u n c t i o n  o f  e f f i c iency .  F o r  example, fo r  a 100 kW stat ion,  w i t h  33-kW 
modules, t h e  RFCS speci f ic  we igh t  a n d  volume a r e  19.9 - 23.2 wat t -hours /pound 
and 278-283 wat t -hours /cub ic  foot, respect ively,  a t  an  overa l l  charge-d ischarge 
ef f ic iency of 50%. T h e  cor respond ing  values for a 55% ef f i c iency  a r e  15.9-19.3 
wat t -hours /pound a n d  258-270 wat t -hours/cubic  foot. T h e  lower values a r e  based 
on  today 's  Space S h u t t l e  O r b i t e r  power p l a n t  technology a t  a n  opera t ing  
tempera ture  of 14OOF (6OOC). T h e  h igher  values represent  a h i g h e r  tempera ture  
(18OOF) (82.2OC) demonstrated performance level .  T h e  development a c t i v i t y  to 
demonstrate t h e  h i g h e r  temperature fue l  cel l  mater ia ls capable o f  t h e  r e q u i r e d  
endurance i s  p resent ly  underway,  sponsored by NASA,  t h e  U.S.  Navy,  a n d  U n i t e d  
Technologies. 
T h e  MTBF for t h e  basel ine RFCS system module has been estimated a t  14,400 hours,  
w i t h  a module wearout  l i f e  o f  40,000 hours. T h e  Space Stat ion r e s u p p l y  p e r i o d  and 
t h e  r e l i a b i l i t y  level  des i red  determine the number  o f  spare on-board  modules 
r e q u i r e d .  Several  approaches to maintenance were considered i n  t h e  s t u d y .  
Complete module changeout w i t h  Earth-based r e p a i r  appears bes t  a t  t h i s  time, but 
f u r t h e r  s t u d y  during Phase B is  requ i red .  
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Addi t ional  Uses o f  t h e  RFCS 
A u n i q u e  feature o f  t h e  RFCS is  i t s  capabi l i ty  t o  b e  i n t e g r a t e d  w i t h  o t h e r  Space 
Stat ion systems a n d  i t s  capab i l i t y  f o r  use as a stand-alone power  genera tor  w i t h  an 
ex terna l  reactant supp ly .  T h e  RFCS can s u p p l y  ( o r  accept)  o x y g e n  and potable 
water  t o  ( o r  f rom) t h e  env i ronmenta l  con t ro l  system; it can also s u p p l y  ( o r  accept)  
h y d r o g e n  a n d  o x y g e n  t o  ( o r  f rom)  t h e  propu ls ion  system. T h e  RFCS can operate 
cont inuous ly  on ex terna l l y -supp l ied  reactants,  and t h e r e b y  p r o v i d e  power d u r i n g  
s tat ion const ruct ion and f o r  emergency purposes.  Taking advantage o f  these 
benef i ts  does n o t  significantly a f fec t  t h e  RFCS speci f ic  we igh t  and volume 
character is t ics .  T h e  va lue that  these fea tures  p r o v i d e  t o  t h e  Space Stat ion should 
b e  assessed i n  t h e  Phase B stud ies.  
Pacing Technology Items 
Four  pac ing  technology items for t h e  RFCS have been ident i f ied .  These a r e  f u e l  
cel l  endurance, e lect ro lys is  cel l  scale-up and endurance, h y d r o g e n  c i rcu la t ion  pump 
b e a r i n g  l i fe,  and cyc l i c  water  pump b e a r i n g  and seal l i fe .  A l l  o t h e r  RFCS compo- 
nents  a r e  der ived  f r o m  e x i s t i n g  O r b i t e r  fue l  cel l  hardware  o r  a r e  e lect ro lys is  
components, wi th no s ign i f i can t  technology improvement r e q u i r e d .  
T e s t i n g  is  present ly  be ing  conducted u n d e r  t h i s  c o n t r a c t  t o  assess f u e l  cel l  l i f e  
capab i l i t y .  The e x i s t i n g  basel ine cel l  has demonstrated 18,000 h o u r s  endurance a t  
basel ine performance levels. Improvements a l ready  i d e n t i f i e d  in NASA-LeRC 
technology programs a r e  pro jec ted  t o  meet t h e  Space Stat ion endurance 
requi rements.  A t  t h e  t ime of t h i s  repor t ,  t w o  separate stacks,  one of  4 cel ls a n d  
t h e  o t h e r  of 6 cells, have accumulated 3000 h o u r s  a n d  18,000 hours,  respec t ive ly .  
Each s tack  is  bui l t  o f  fu l l -area 0.5 ft’ cel ls. 
A l a r g e r  area (0.5 to l - f t*) alka l ine e lect ro lyzer  cel l  has y e t  t o  b e  demonstrated in 
a fu l l -sca le mult i -cel l  s tack o f  more t h a n  s ix  cel ls.  Fu l l -sca le SPE e lect ro lyzers 
have been fabr icated, but system simpl i f icat ion and aerospace component develop- 
ment is  desired. 
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T h e  O r b i t e r  hydrogen pump has demonstrated 12,000 hours  o f  cont inuous endurance 
in a NASA-LeRC t e s t  program. When t h e  t e s t  was te rmina ted  f o r  b e a r i n g  
examination, t h e  b e a r i n g  manufac turer ' s  evaluation showed t h a t  s ign i f i can t  b e a r i n g  
l i f e  remained. T h e  manufac turer  recommended a change to  fully sealed bear ings  
( O r b i t e r  bear ings  a r e  shielded on ly )  t o  ensure meet ing t h e  RFCS l i f e  goal. T e s t i n g  
o f  sealed bear ings  in a n  O r b i t e r  h y d r o g e n  pump i s  now underway.  A t  present ,  t w o  
pumps a r e  b e i n g  tested.  One has accumulated 4000 hours  a n d  t h e  o t h e r  500 h o u r s .  
T h e  tes ts  a r e  cont inu ing .  
T h e  RFCS requ i res  a water  pump which operates cyc l i ca l l y .  Pre l iminary discussions 
w i t h  pump manufac turers  have ind icated t h a t  t h e  RFCS requi rements a r e  not 
p a r t i c u l a r l y  severe and that  no  s ign i f icant  technology chal lenge is  env is ioned.  
Uni ted,  however,  recommends long- te rm evaluation of  candidate pumps t o  ensure  
that  t h e r e  a r e  no seal o r  bear ing  problems. 
EMS Demonstrator U n i t  
A k e y  element in t h e  RFCS p r o g r a m  is the e a r l y  demonstrat ion o f  a RFCS module 
des ignated t h e  Eng ineer ing  Model System (EMS). T h e  EMS wi l l  demonstrate t h e  
operat ional  capab i l i t y  of t h e  RFCS. A 10-kW unit is p lanned.  T h i s  r a t i n g  has been 
selected to make use o f  e x i s t i n g  Orb i te r  components w h e r e v e r  possible. T h e  
demonstrator  will b e  i n t e g r a t e d  and packaged w i t h  an e lect ro lys is  unit as an RFCS 
module, as shown by t h e  example in F igure 3. I t  w i l l  demonstrate t h e  in tegra ted  
system and opera t ing  character is t ics  expected o f  t h e  RFCS module. 
T h e  EMS schematic and design tab le  have been p r e p a r e d  and opera t ing  charac-  
te r is t i cs  de f ined.  T h e  EMS wi l l  p r o v i d e  a minimum o u t p u t  vo l tage o f  100 V d c  wh i le  
opera t ing  a t  a c u r r e n t  d e n s i t y  o f  200 ASF, o v e r  a 58.8/35.7 minute c h a r g e  
d ischarge c y c l e  a t  270 N.M. T h i s  operat ing p o i n t  w i l l  demonstrate a n  overa l l  RFCS 
ef f ic iency o f  55%. 
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F i g u r e  3. 10-kW Engineer ing Model System (EMS) 
T h e  EMS requirements have been ident i f ied  and a n  EMS development p rogram 
planned.  The key  tasks  in t h e  program a r e  system analysis, component 
development, and EMS design, fabr icat ion and tes t .  I n  t h e  System Analys is  T a s k ,  
t h e  EMS system wi l l  b e  def ined, deta i led component requi rements w i l l  b e  determined, 
a n d  cont ro l  schedules w i l l  b e  establ ished. Development t e s t  resu l ts  w i l l  b e  analyzed 
and fac tored  i n t o  systems analysis.  T h e  Component Development T a s k  w i l l  b r i n g  
t h e  fue l  cel l  stack, e lect ro lyzer  s tack a n d  anc i l la ry  components t o  a s ta te o f  
readiness for in tegra t ion  into t h e  EMS. In t h e  t h i r d  task ,  a deta i led EMS design 
w i l l  b e  prepared, hardware  w i l l  b e  fabr ica ted  and t h e  EMS wi l l  b e  assembled and 
tested.  
- 6 -  
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Several NASA and NASA-sponsored studies o f  e n e r g y  s torage systems f o r  Space 
Stat ion appl icat ions have shown t h a t  regenerat ive f u e l  cel l  systems o f f e r  s ign i f i can t  
b e n e f i t  o v e r  c u r r e n t  s ta te -o f - the-ar t  nickel-cadmium bat te r ies .  To f u r t h e r  examine 
t h e  RFCS, Tasks  I X - A  and IX-B o f  NASA Contract  NAS3-22234 were establ ished. 
In T a s k  IX-A, known as t h e  "RFCS Study",  var ious system schemes f o r  t h e  f u e l  
cel l  subsystem, gas s torage subsystem, and accessories and components were 
s tud ied .  Emphasis was placed on water  and thermal management. T h e  object ive o f  
T a s k  IX-B, known as t h e  "EMS Space Pro to type Design Def in i t ion",  was t o  
determine t h e  general  system requirements f o r  a n  EMS pro to type,  de f ine  EMS 
parameters, a n d  i d e n t i f y  pac ing  technology items a n d  a development p rogram f o r  t h e  
EMS. 
T h e  approach t o  t h e  T a s k  I X - A  object ive was t o  examine in detai l  several  system 
concepts, eva lua t ing  each f o r  weight,  volume, complexi ty,  f lex ib i l i t y ,  re l iab i l i t y ,  
mainta inabi l i ty ,  development r i s k ,  e tc .  I n  addition several  water  management and 
reactant  s torage concepts were  evaluated. T h e  resu l ts  of this s t u d y  t a s k  were 
presented  to  NASA in a 26 J a n u a r y  1984 briefing. 
I n  t h e  T a s k  IX-B phase, t h e  basel ine RFCS was f u r t h e r  re f ined;  subsystems were  
more fully i n t e g r a t e d  and several  components were el iminated. T h e  character is t ics  
of  t h e  system were de f ined object ive ly  and parametr ical ly,  to allow Phase B opt imi -  
zat ion of t h e  RFCS. Pacing technology items were  ident i f ied,  and a development 
p rogram p l a n  was p r e p a r e d  for  a 10 kW Engineer ing Model System (EMS) p r o t o t y p e  
demonstrator  unit, wh ich  was de f ined and character ized.  A summary o f  t h e  resu l ts  
o f  t h i s  s t u d y  phase was presented  to NASA in a 24 J u l y  1984 b r i e f i n g .  
T h i s  r e p o r t  i s  d i v i d e d  i n t o  seven sections. Section I l l  descr ibes t h e  basel ine RFCS 
system concept  and operat ion.  T h e  system in tegrates f u e l  cell and  e lect ro lyzer  
un i ts ,  w h i c h  consume or  produce hydrogen and o x y g e n  in t h e  dark and light 
por t ions  of t h e  Space Stat ion orbit. T h e  storage system f o r  t h e  reactants p roduced 
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in t h e  electrolysis mode a n d  t h e  water  p roduced in t h e  fue l  cel l  mode, i s  d iscussed, 
as wel l  as  thermal management aspects. 
I n  Section IV t h e  character is t ics  o f  t h e  RFCS a r e  presented .  T h e  g r o u n d r u l e s  a n d  
assumptions used in t h e  analyses a r e  s tated.  Parametr ic d a t a  f o r  spec i f ic  weight ,  
speci f ic  volume, and reactant  s torage systems a r e  presented .  T h e  RFCS r e l i a b i l i t y  
estimates and s u p p o r t i n g  parametr ic  d a t a  a r e  also presented.  A maintenance 
concept  f o r  the  RFCS i s  d iscussed. 
Section V ident i f ies t h e  pac ing  technology items for  t h e  RFCS a n d  t h e  development 
approach t o  these i tems. T h e  ongoing development a c t i v i t y  in these areas i s  sum- 
marized. The conclusion o f  t h i s  section i s  that  no  major technology h u r d l e  s tands 
i n  t h e  way o f  RFCS development. 
T h e  EMS demonstrator is  de f ined a n d  charac ter ized  in Section VI .  A system sche- 
matic, p ic tor ia l  representat ion,  and design tab le  a r e  p resented .  A descr ip t ion  o f  
t h e  component technology p lanned f o r  EMS i ncorpora t ion  is p r o v i d e d .  T h e  opera-  
t i n g  character is t ics  and cont ro l  logic a r e  descr ibed.  
Final ly,  Section VI1 presents  t h e  development p r o g r a m  for t h e  EMS. T h e  major 
segments o f  the program a r e  def ined a n d  discussed, as wel l  as t h e  development 
ph i losophy and schedule.  T h i s  plan culminates w i t h  d e l i v e r y  o f  t h e  EMS f o r  NASA 
t e s t i n g .  
- 8 -  
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1 1 1 .  REGENERATIVE FUEL CELL ENERGY STORAGE SYSTEM 
T h i s  section contains t h e  descr ip t ion  of a regenerat ive f u e l  cel l  e n e r g y  s torage 
system f o r  t h e  Space Stat ion based on the coup l ing  o f  a h y d r o g e n - o x y g e n  fue l  cel l  
w i t h  a water  e lect ro lyzer  a n d  def ines t h e  basic modes o f  operat ion of such a system 
in low e a r t h  o r b i t .  Also i nc luded is  a detai led descr ip t ion of t h e  p a r t i c u l a r  basel ine 
system arrangement  chosen f o r  s t u d y  which incorporates t h e  potent ia l  f o r  use o f  
e i t h e r  one of t w o  t y p e s  o f  e lect ro lyzers.  
f 
A .  System Concept 
- -- 
- 
T h e  regenera t ive  f u e l  cel l  e n e r g y  s torage concept shown in F i g u r e  4 incorporates a 
dedicated a lka l ine fue l  cel l  module a n d  an electrolysis cel l  module. T h e  f i g u r e  also 
shows t h e  in tegra t ion  of t h e  system with t h e  spacecraf t  e lect r ica l  and thermal  
cont ro l  systems. A s ing le power condi t ioner on t h e  e lect r ica l  b u s  f o r  t h e  solar 
a r r a y  and e lect ro lys is  cel l  system may be possible. A modular ized e n e r g y  s torage 
system is  env is ioned f o r  appl icat ion i n  a f u t u r e  low e a r t h  o r b i t  space vehic le.  
- 
THERMAL ' 
MANAGEMENT - UNIT + 






F i g u r e  4 .  Regenerat ive Fuel Cell  System Concept 
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B.  System Operation 
D u r i n g  t h e  daylight p o r t i o n  of  t h e  o r b i t ,  t h e  solar a r r a y  p r o v i d e s  power t h r o u g h  a 
vo l tage regulator  t o  t h e  pr ime electr ical  bus system. In addi t ion,  , t h e  solar a r r a y  
suppl ies power t h r o u g h  a power condi t ioner  to t h e  e lect ro lys is  cel l  module. T h e  
e lect ro lyzer  u n i t  generates o x y g e n  and h y d r o g e n  f o r  subsequent  use i n  t h e  fue l  cel l  
u n i t  by t h e  electrochemical decomposit ion o f  f u e l  cel l  p r o d u c t  water .  T h e  
e lect ro lyzer-produced reactants  a r e  s to red  in reactant  s torage t a n k s .  Waste heat 
f r o m  t h e  electrochemical react ion i s  removed f r o m  t h e  e lec t ro lyzer  u n i t  by a liquid 
d ie lect r ic  coolant loop. 
I n  t h e  occulted p o r t i o n  o f  t h e  o r b i t ,  t h e  f u e l  cel l  unit  suppl ies power t o  t h e  elec- 
t r i c a l  b u s  by t h e  electrochemical recombination o f  h y d r o g e n  a n d  o x y g e n .  Regulat ion 
o f  t h e  fue l  cell u n i t  power suppl ied t o  t h e  vehic le  b u s  may b e  unnecessary because 
o f  t h e  performance charac ter is t i cs  o f  t h e  a lka l ine e lec t ro ly te  f u e l  cel l .  Fuel cel l  
p r o d u c t  water, f o r  subsequent  use in t h e  e lect ro lyzer ,  i s  s tored  in t h e  water  
s torage tank. 
A liquid d ie lect r ic  coolant loop removes waste heat f r o m  t h e  f u e l  cel l  modules a n d  
t h e  electrolyzer d u r i n g  opera t ing  per iods.  For  standby t h i s  loop p r o v i d e s  heat  t o  
t h e  id le  u n i t  t o  maintain opera t ing  temperature.  In  t h e  isolat ion heat exchanger ,  
waste heat i s  t r a n s f e r r e d  f r o m  t h e  coolant to t h e  space r a d i a t o r  coolant loop. Waste 
heat f rom t h e  system radiates t o  space f r o m  t h i s  rad ia to r .  
C. Baseline System 
T h e  basel ine system chosen f o r  detai led evaluat ion in t h i s  s t u d y  resu l ted  f r o m  a 
considerat ion of  several  potent ia l  system arrangements and a deta i led evaluat ion o f  
speci f ic  methods of managing t h e  fue l  cel l  p r o d u c t  water  and e lect ro lys is  cel l  prod- 
u c t  gases. A detai led rev iew o f  these evaluat ions is inc luded in Append ix  A .  I 
- 10- 
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T h e  basel ine system i s  shown in F i g u r e  5. I t  is  composed o f  a fue l  cel l  unit, an 
e lect ro lyzer  cel l  unit, a reactant  s torage uni t ,  and a thermal management u n i t .  
1 .  Fuel Cel l  U n i t  
T h e  f u e l  ce l l  unit  is  composed o f  a fue l  cell power  section, condenser,  r e c i r c u l a t i n g  
h y d r o g e n  loop i n c l u d i n g  a h y d r o g e n  purnp/water separator,  demand t y p e  reactant  
p r e s s u r e  regulators ,  and a coolant loop inc lud ing  a coolant pump, coolant heater 
and o x y g e n  p r e s s u r e  referenced accumulator. These components a r e  a r r a n g e d  as 
shown in F i g u r e  5. 
Reactants a r e  suppl ied t o  t h e  power section f r o m  t h e  reactant  s torage unit  by a 
demand type reactant  p ressure  regu la to r .  These va lves assure that  t h e  reactant  
p r e s s u r e  w i t h i n  t h e  power section is  maintained o v e r  t h e  fu l l  range o f  reactant  
f lows.  
Produc t  w a t e r  i s  removed by t h e  dynamic water  removal method. Produc t  water  
evaporates i n t o  t h e  c i rcu la t ing  h y d r o g e n  stream wh ich  car r ies  it out of  t h e  power 
sect ion.  T h e  water- laden hydrogen stream passes t h r o u g h  a condenser, where t h e  
product w a t e r  is condensed. It i s  t h e n  separated f r o m  t h e  h y d r o g e n  st ream by a 
dynamic w a t e r  separator  and de l i vered  to  t h e  water  s torage tank in t h e  reactant  
s torage u n i t .  
Waste heat i s  removed f rom t h e  power  section by c i r c u l a t i n g  a l i q u i d  d ie lec t r i c  
coolant through t h e  condenser and t h r o u g h  cooler assemblies w i t h i n  t h e  power 
sect ion.  T h e  fue l  cel l  waste heat is  rejected t h r o u g h  an in te r face  heat exchanger  
in t h e  thermal  management u n i t .  
T h e  f u e l  ce l l  unit  we igh t  re la t ionship used in  t h e  analysis inc ludes t h e  we igh t  f o r  a 
complete system, that  is, power section, pumps, controls,  inst rumentat ion,  insu-  
lat ion, and s t r u c t u r e .  
. - 1 1 -  
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Figure 5. Regenerat ive Fuel Cel l  System Module Schematic 
2. Electrolyzer U n i t  
E i ther  of t w o  types  of e lect ro lys is  cel ls can b e  used in t h e  e lec t ro lyzer  u n i t .  One 
i s  a n  a lka l ine e lect ro lyzer  u t i l i z i n g  s ta t i c  w a t e r  feed wh i le  t h e  o t h e r  is  an ac id  so l id  
po lymer electrolyte e lect ro lyzer  u t i l i z i n g  c i r c u l a t i n g  water  feed. Each i s  descr ibed 
below. T h e  remainder of t h e  components in t h e  e lec t ro lyzer  uni t  inc lude demand 
t y p e  reactant  p r e s s u r e  regulators ,  water  feed pump, water  feed tank, and coolant 
loop heater .  
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a. A lka l ine Elect ro lyzer  - T h e  alkal ine electrolyzer,  shown in F i g u r e  6, consists 
solely o f  a n  e lect ro lys is  cell stack u t i l i z ing  an alkal ine (KOH) e lec t ro ly te .  L i q u i d  
water  i s  pumped f r o m  t h e  water  s torage tank in t h e  reactant  s torage u n i t  by t h e  
water  feed pump i n t o  a liquid water  c a v i t y  w i t h i n  each e lect ro lys is  cel l .  T h e r e  it is 
e lect ro lyzed i n t o  h y d r o g e n  and oxygen g a s .  T h e  p r o d u c t  reac tan t  gases, laden 
w i t h  water  v a p o r  a t  a p a r t i a l  p r e s s u r e  in  equ i l ib r ium w i t h  t h e  e lec t ro ly te  a t  cel l  
temperature,  e x i t  t h e  cel l  and are  del ivered v i a  t h e  p r e s s u r e  regu la to rs  t o  t h e  
s torage t a n k s  in t h e  reactant  s torage u n i t .  Temperature cont ro l  is accomplished I y 
pass ing t h e  same d ie lec t r i c  coolant stream used in t h e  fue l  cel l  t h r o u g h  coolers n 
t h e  e lect ro lys is  cel l  stack.  

























N WATER IN 
F i g u r e  6 .  Elect ro lyzer  Opt ion  - 
AI ka l ine E lec t ro ly te  
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SOLID POLYMER ELECTROLYTE 
COOLANTOUT 02 OUT H2 OUT 
Figu;e 7.  Electrolyzer Opt ion  - 
Sol id Polymer Elect ro ly te  
105-26 
843008 I WATER IN I COOLANT IN 
b. Ac id  SPE Electrolyzer - T h e  acid sol id po lymer  e lec t ro l y te  (SPE) e lect ro lyzer  is  
depicted in F igure 7. It consists o f  a cel l  s tack  u t i l i z i n g  a n  ac id  ion exchange 
membrane electrolyte, anode and cathode water  c i r c u l a t i n g  pump/separators,  a t h r e e  
f l u i d  heat exchanger, and a water  deionizer bed.  
L i q u i d  water  i s  pumped f rom t h e  water  storage tank in t h e  reactant  storage u n i t  by 
t h e  water  feed pump t h r o u g h  t h e  deionizer b e d  i n t o  t h e  wa te r  rec i rcu lat ion loop. 
T h e  water rec i rcu lat ion loop feeds t h e  water  i n t o  t h e  cel l  s tack  on  t h e  anode side of 
each cel l .  Some water  passes across t h e  ion exchange membrane fo rming  a second 
water  loop. Thus, as e lect ro lys is  proceeds, a n  oxygen  r i c h  water  stream ex i t s  t h e  
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anode o f  each cel l  and a h y d r o g e n  r i c h  water stream e x i t s  t h e  cathode o f  each cel l .  
Each of these streams pass t h r o u g h  rec i rcu la t ing  pumps wh ich  also a c t  as separa- 
t o r s  f o r  each reactant  gas. T h e  separated reactant gases a r e  f e d  to t h e  s torage 
t a n k s  in t h e  reactant  storage u n i t .  T h e  two water  streams pass t h r o u g h  a heat e x -  
changer  where  waste heat is removed (o r  heat added if r e q u i r e d )  by t h e  same 
d ie lec t r i c  coolant stream used in t h e  f u e l  cell. T h e  water  streams a r e  t h e n  merged 
and r e t u r n e d  t o  t h e  stack.  
3. Reactant Storage U n i t  
T h e  reactant  s torage u n i t  comprises t h e  tankage and associated components needed 
t o  s to re  t h e  gaseous reactants p roduced by t h e  e lect ro lyzer  d u r i n g  t h e  charge cyc le  
and t h e  l i q u i d  water  p roduced by t h e  f u e l  cel l  during t h e  d ischarge cyc le.  F i g u r e  
5 depic ts  t h e  arrangement  schematical ly. 
D u r i n g  t h e  charge cycle, t h e  e lect ro lyzer  produces gaseous h y d r o g e n  and o x y g e n  
each w i t h  a s ign i f i can t  p a r t i a l  p r e s s u r e  o f  water  vapor .  In t h i s  regenera t ive  f u e l  
cel l  system, t h e  gases a r e  s tored i n  reactant t a n k s  i n  wh ich  t h e  p r e s s u r e  var ies  
in i t ia l l y  f rom about 70 psia (48.3 N/cm3) a t  t h e  b e g i n n i n g  of t h e  cyc le  t o  s l i g h t l y  
below t h e  e lec t ro lyzer  opera t ing  p r e s s u r e  a t  t h e  e n d  o f  t h e  cyc le .  If an a lka l ine 
e lect ro lyzer  i s  used, t h e  dew p o i n t  in these gases i s  about  165OF (73.9OC) f o r  a 
18OOF (82.2OC) nominal opera t ing  temperature, and if an ac id so l id  po lymer elec- 
t r o l y z e r  is  used t h e  gases a r e  near ly  saturated w i t h  water  vapor. 
As is exp la ined i n  Appendix  A,  it was decided to p r e v e n t  condensat ion o f  t h e  water  
v a p o r  in t h e  reactant  gases by mainta in ing t h e  temperature of t h e  p i p i n g  a n d  t a n k s  
above t h e  dewpoint .  In t h e  basel ine schematic, t h i s  is  shown t o  b e  accomplished by 
u t i l i z i n g  t h e  waste heat f r o m  b o t h  t h e  fuel cel l  s tack a n d  e lect ro lyzer  s tack and 
t h u s  i n t e g r a t i n g  t h e  t a n k  heaters i n t o  t h e  system coolant loop. T h i s  ar rangement  is  
sa t is fac to ry  so long as t h e  t a n k s  a r e  reasonably close coupled w i t h  t h e  r e s t  o f  t h e  
system. In t h e  event  t h e  t a n k s  a r e  remotely located f r o m  t h e  system, it may b e  
necessary to heat them elect r ica l ly .  I t  may also b e  necessary to heat t r a c e  t h e  
in te rconnect ing  piping. 
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It should b e  noted t h a t  it was assumed t h a t  a l l  t h e  reactant  s torage t a n k s  and 
piping a r e  insulated t o  minimize heat loss.  T h e  insulat ion recommended f o r  a 
vacuum environment w i t h  a 20°R ( 1 1 . l 0 K )  s i n k  i s  a 2 inch th ickness  of a g o l d  
ineta I ized Kapton f i Irn/borosil icate microf  i bermat  composite o r  equ iva len t  . T h i s  
degree o f  insulat ion can l imi t  t h e  heat loss f r o m  even t h e  l a r g e  h y d r o g e n  tank t o  
about  10-20 B t u / h r  (2.5-5.0 C a l / h r ) .  
Fuel cel l  water is  s to red  in a small b ladder  t a n k  p r e s s u r e  referenced t o  t h e  fue l  cel l  
r e c i r c u l a t i n g  hydrogen loop. T h e  use o f  h y d r o g e n  r a t h e r  t h a n  o x y g e n  as t h e  tank 
p r e s s u r a n t  overcomes t h e  potent ia l  o f  m i x i n g  h y d r o g e n  and oxygen should t h e  t a n k  
b ladder  f a i l .  T h e  b ladder  is  f i t t e d  w i t h  a pos i t ion ind ica tor  t o  p r o v i d e  q u a n t i t y  
measurements. Temperature cont ro l  of t h e  water  s torage tank is  n o t  v iewed as  
c r i t i ca l ,  and heat loss i s  s imply minimized, as noted above by t h e  use of insu lat ion 
on t h e  t a n k  and p i p i n g .  
4 .  Thermal  Management U n i t  
T h e  thermal  management unit  is  composed o f  t h e  in te r face  heat exchanger  and i t s  
bypass loop. Because l i t t l e  is  known a t  t h i s  t ime about  t h e  spacecraf t  coolant loop, 
( i .e . ,  pressures,  temperatures o r  f lows avai lable f o r  system cool ing),  t h e  heat  
exchanger  cannot b e  speci f ied.  In a l l  p r o b a b i l i t y ,  it w i l l  b e  of a n  e n t i r e l y  
convent ional  design. Flow t h r o u g h  t h e  bypass  loop is  cont ro l led  by a th ree-way 
va lve  wh ich  acts t o  maintain t h e  f u e l  cel l  h y d r o g e n  condenser e x i t  temperature.  
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IV. RFC SYSTEM CHARACTERISTICS 
T h i s  section presents  t h e  resu l ts  o f  t h e  study t o  de f ine  t h e  charac ter is t i cs  of  a 
regenera t ive  fue l  cel l  system module. The items addressed a r e  t h e  module we igh t  
a n d  volume, t h e  module ef f ic iency and the system re l iab i l i t y  charac ter is t i cs .  T h e  
data is  p resented  parametr ica l ly  so t h a t  it can b e  used t o  conduct  overa l l  Space 
Stat ion power  system opt imizat ion s tud ies.  
A .  Basis o f  S t u d y  
T h e  technology and mission assumptions and g r o u n d r u l e s  t h a t  s e r v e d  as t h e  basis 
o f  t h e  s t u d y  a r e  shown in Tab le  I. 
T h e  f u e l  ce l l  per formance and degradat ion r a t e  a re  based on demonstrated opera t ion  
o f  t h e  O r b i t e r  f u e l  cel l  power plant and tes t ing  o f  NASA-Lewis s u p p o r t e d  advanced 
fue l  cel l  con f igura t ions  a t  U T C .  T h e  documentation of these charac ter is t i cs  is  
p resented  in Section V. T h e  we igh t  of t h e  f u e l  cel l  s tack is  based on  a n  advanced 
cel l  package wh ich  is also descr ibed in Section V. T h e  we igh ts  of t h e  anc i l la ry  
components, which serv ice  b o t h  t h e  f u e l  cel l  and t h e  e lect ro lyzer ,  a r e  based on 
O r b i t e r  f u e l  cel l  power  plant component weights w i t h  addi t ional  we igh t  added t o  
account for  components speci f ic  t o  t h e  e lect ro lyzer .  T h e  paras i te  power is  also 
based on  O r b i t e r  fue l  cel l  power plant exper ience. 
T h e  e lec t ro lyzer  per formance and we igh t  are based on data f u r n i s h e d  t o  NASA by 
t h e  e lec t ro lyzer  manufacturers  (References 15 a n d  16) .  These technologies a r e  d i s -  
cussed f u r t h e r  in Section V. 
A s ing le p o i n t  comparison of t h e  t w o  e lect ro lyzer  technologies was made a t  a n  
equ iva len t  performance level  a n d  is shown in  Tab le  I I .  T h e  equ iva len t  per formance 
of t h e  t w o  e lect ro lyzers was accomplished by in te rpo la t ing  t h e  so l id  po lymer 
e lec t ro ly te  (SPE) data t o  find t h e  membrane th ickness t h a t  y ie lded t h e  same cel l  
vo l tage a t  t h e  same nominal c u r r e n t  densi ty .  T h e  r e s u l t i n g  system e f f i c iency  is 
slightly h i g h e r  f o r  t h e  alkal ine technology and i t s  module e n e r g y  dens i ty  i s  s l i g h t l y  
- 1 7 -  . 
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lower than  the SPE technology. Since t h e  charac ter is t i cs  o f  t h e  t w o  e lec t ro lvzer  
technologies are v e r y  similar, it was decided t o  base t h e  study on t h e  alkal ine 
technology thereby  y ie ld ing  more conserva t ive  we igh t  values. 
Tab le  I .  Basis o f  S t u d y  
Parameter Fuel Cell  Elect rot y zer  
Tech nology 
Performance 
Opera t ing  Temperature 
Cell Performance Decay 
Opera t ing  Pressure 





D u t y  Cyc le  (LEO) 
Vehic le Power 
Fuel Cell  Voltage Regulat ion 
E lec t ro lyzer  I n p u t  Vol tage 
O t h e r  
8 
Kev la r  Wrapped Reactant Tanks  
0 rb i te . r  N A S A  
140- 180OF 140- 180OF 
2uV/ H r - Ce I I 
60 psia 
40000 Hours  
NASA - LeRC 
Con f igu ra t i on  
0 
300' psia 
40000 Hours  
NASA 
0 r b i t e r  
1.7% 
Light Per iod 58.8 Min 
D a r k  Per iod 35.7 Min 
100 kW 
120 +lo  Volts 
- 20 
100 Vo l t s  
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Tab le  I I .  Example Comparison of Anode Feed SPE Elect ro lyzer  




Fuel Cel l  O p e r a t i n g  Point  
Gross Power (Watts) 
Number Stacks 
Cel I s/Stac k 
Cell  Area (Ft’)  
ASF 
v c  (Vo l ts )  
1 0,000 watts 
14OOF 
F/C = 60 psia 







Elect ro lys is  Cel l  Operat ion Point, Weight and Volume 
AI kal ine  
Gross Power (Watts) 1 1  744 
Number of Stacks 1 
Cel I d s t a c k  56 
Cel l  Area (Ft’) 0.5 
ASF 247 
vc 1.612 
Faradic  E f f i c iency  1 .oo 
Weight ( L b )  203.5 
Volume ( F t 3 )  3.7 
System Ef f i c iency  .5097 
Module E n e r g y  Densi ty  (W-hr / lb )  ’ 12.52 












Since t h e  power  r a t i n g  o f  t h e  RFCS module f o r  t h e  Space Stat ion is  n o t  def ined,  
t h e  r a t i n g  was c a r r i e d  as a n  independent  parameter in t h e  s t u d y .  F o r  t h e  same 
reason, t h e  act ive area o f  t h e  fue l  cel l  and t h e  e lect ro lys is  cel l  were al lowed t o  
change so t h a t  an optimum weigh t  cou ld  be achieved. T h e  we igh t  re la t ionship o f  
t h e  a lka l ine e lect ro lys is  cel l  stack was modif ied t o  incorpora te  t h e  e f fec t  o f  cel l  area 
on s tack w e i g h t .  T h e  re la t ionship t h a t  was used i s  s imi lar  in f o r m  t o  t h a t  used f o r  
t h e  f u e l  cel l  s tacks.  
- 19- 
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B. Speci f ic  Weight 
For  a g i v e n  fuel cel l  opera t ing  p o i n t  ( c u r r e n t  dens i t y  and cel l  vol tage) t h e r e  is  
on l y  one electrolysis cel l  ope ra t i ng  p o i n t  that  w i l l  r e s u l t  i n  a speci f ied system 
e f f i c iency .  These opera t ing  po in ts  along w i t h  t h e  power p l a n t  power,  vol tage and 
reac tan t  requirements then  determine t h e  r e q u i r e d  cel l  areas, numbers o f  cel ls 
(bo th  fue l  cell a n d  electrolysis cel l)  and u l t imate ly  module we igh t .  A t r a d e - o f f  
s t u d y  o f  RFCS module we igh t  and e f f i c iency  was conducted .  B y  varying t h e  fue l  
cel l  c u r r e n t  dens i ty  a t  sevei,al system eff ic iencies,  it was determined that  an 
optimum energy  dens i t y  could be  ident i f ied .  A n  example of such an opt im zation is  









33.3 kW MODULE 




/ MODULE INCLUDES: - FUEL CELL POWER SECTION 
- ELECTROLYZER POWER SECTION 
- REACTANTS AND TANKS AT 
- 45 
- - ACCESSORY SECTION 
300 PSlA FOR 35.7 MINUTES 
F i g u r e  8. Specific Weight v s .  Fuel Cel l  C u r r e n t  Dens i ty  
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T h e  opt imized speci f ic  we igh t  of  t h e  RFCS module was determined as a f u n c t i o n  of  
t h e  system ef f ic iency and is  shown in Figure 9 f o r  f o u r  d i f f e r e n t  power p l a n t  
ra t i ngs .  T h r e e  of  these r a t i n g s  (25, 33.3 and 50 kW) rep resen t  1/4, 1/3 and 1/2 
of  t h e  assumed tota l  mission power of  100 kW, respect ive ly .  T h e  10 kW data is  
p resented  f o r  reference. T h i s  data is  representat ive of  a system w i t h  t h e  p r e s e n t  
technology fue l  cel ls ope ra t i ng  a t  a nominal cel l  i n l e t  tempera ture  of  14OOF (6OOC). 
I t  can b e  seen, f o r  example, t h a t  a 33.3 k W  module w i t h  a 508 ef f ic iency wou ld  
have an e n e r g y  dens i t y  of 19.8 wa t t -h rs / l b .  A t  t h e  same ef f ic iency it can b e  seen 
t h a t  a 50 kW module wou ld  have a 7.5% h igher  e n e r g y  d e n s i t y  and a 25 k W  module 
wou ld  have a 5.5% lower ene rgy  dens i t y .  
MODULE INCLUDES: 
- FUEL CELL POWER SECTION 
- ELECTROLYZER POWER SECTION 
- ACCESSORY SECTION 
- REACTANTS AND TANKS AT 




-4 '  I I I 
45 50 55 60 
SYSTEM EFFICIENCY - PERCENT 
105-50 
843008 
F i g u r e  9. Specific Weight v s .  Ef f ic iency - Present Technology 
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c 
With some development, t h e  fue l  cel l  w i l l  b e  able t o  achieve t h e  same decay r a t e  as  
t h e  p resen t  technology ( 2 ~  v o l t / h r  a t  14OOF (6OOC)) wh i l e  ope ra t i ng  a t  a nominal 
cel l  in le t  temperature of  18OOF (82.2OC). T h e  impact on  speci f ic  we igh t  of t h i s  
development i s  shown in F igu re  10. Increas ing  t h e  system opera t i ng  tempera ture  
f o r  t h e  same 50% ef f ic ient ,  33.3 kW module resu l t s  in an  e n e r g y  d e n s i t y  of 23.2 
wa t t -hou rs / l b .  - a n  improvement o f  17.2% o v e r  t h e  p r e s e n t  technology 






- FUEL CELL POWER SECTION 
- ELECTROLY7ER POWER SECTION 
- ACCESSORY SECTION 
- REACTANTS A N 0  TANKS AT 
300 PSlA FOR 35.7 MINUTES 
1 
\ 




















I I I 
50 55 60 
SYSTEM EFFICIENCY - PERCENT 105-5 1 
843008 
Figure 10. Specif ic Weight v s .  Ef f ic iency - Techno logy  Goal 
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C. Specif ic Volume 
T h e  opt imizat ion descr ibed above was also done t o  determine t h e  speci f ic  volume 
charac te r i s t i c  o f  t h e  system. T h e  resul ts  a r e  p resen ted  i n  F igures  11 and 12 f o r  
t h e  p resen t  technology and t h e  technology goal, respec t i ve l y .  T h e  minimum we igh t  
systems shown in F igures  9 and 10 a re  also t h e  minimum volume systems so that  t h e  
50; ef f ic ient ,  33.3 kW module that  h a d  a speci f ic  we igh t  o f  19.8 w a t t - h o u r s / l b  
( F i g u r e  9) w i l l  have a speci f ic  volume of  278 w a t t - h r s / f t 3  ( F i g u r e  11).  Simi lar ly,  
t h e  advanced technology power p l a n t  t h a t  had a speci f ic  we igh t  o f  23.2 w a t t - h r s / I b  
( F i g u r e  10) w i l l  have a speci f ic  volume of  283 w a t t - h r s / f t 3  ( F i g u r e  12).  
21 0 I- 
MODULE INCLUDES: 
- FUEL CELL POWER SECTION 
- ELECTROLYZER POWER SECTION 
- ACCESSORY SECTION 
- REACTANTS AND TANKS AT 
300 PSlA FOR 35.7 MINUTES 
I I I 
50 55 60 
105-52 SYSTEM EFFICIENCY - PERCENT 
843008 
F i g u r e  11. Specif ic Volume v s .  Ef f ic iency - Present Technology 
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- FUEL CELL POWER SECTION 
- ELECTROLYZER POWER SECTION 
- ACCESSORY SECTION 
- REACTANTS AND TANKS AT 
300 PSlA FOR 35.7 MINUTES 
21 0 
0 I I J 
50 55 60 
SYSTEM EFFICIENCY - PERCENT 105-53 
843008 
Figure  12. Speci f ic  Volume vs. Ef f i c iency  - Technology Goal 
D. Emergency Power Capabi l i ty  
T h e  weights  and volumes ind icated on  F igures  9 t h r o u g h  12 inc lude t h e  fue l  cel l  
s tack,  t h e  electrolysis cel l  stack, t h e  accessory section, and reactants and t a n k s  
sized f o r  a n  e lect ro lyzer  opera t ing  p r e s s u r e  o f  300 psia and a fue l  cel l  opera t ing  
t ime of  35.7 minutes. A requi rement  for addi t ional  f u e l  cel l  opera t ing  t ime t h a t  
m i g h t  b e  imposed to accommodate emergencies, for  example, can b e  easi ly met by 
s t o r i n g  e x t r a  reactants i n  t h e  system reactant  t a n k s .  T h e  impact on  t h e  reactant  
t a n k  we igh t  and volume f o r  u p  t o  5 hours  o f  operat ion a t  r a t e d  power,  is  shown in 
F igures  13 a n d  14, respect ive ly .  T h i s  data i s  p resented  f o r  a 33.3 k W  module w i t h  
t h e  p r e s e n t  technology (14OOF opera t ing  tempera ture) .  T h e  ef fect  o f  system 
ef f ic iency i s  included in t h e  f i g u r e s  as wel l  as t h e  e f fec t  of inc reas ing  t h e  
- 24-  
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e lec t ro lyzer  ope ra t i ng  p ressu re  t o  500 p s i a  (344.7 N/cm*).  F igures  15 and 16 show 
t h e  impact of t h e  improved technology (18OOF (82.2OC) opera t i ng  tempera ture)  on  
these t a n k  parameters.  As can b e  seen a re la t i ve ly  small we igh t  pena l t y  i s  imposed 









300 PSlA FUEL CELL PRESSURE -- -500 PSlA FUEL CELL PRESSURE 
FUEL CELL PRESSURE = 60 PSlA 
/ YN.  2 HOURS 5 HOURS 
I I I I I i I I 
6 10 14 18 
ENERGY CAPACITY - W-HR x 105-54 
F igu re  13. Sens i t i v i t y  of Tank  Weight t o  Pressure 842008 
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320 - - 300 R I A  FUEL CELL PRESSURE - - - 500 PSlA FUEL CELL PRESSURE 
FUEL CELL PRESSURE = 60 PSlA 
300 - 
240 - 
200 - 0 45 
160 - 
2 6 10 14 18 
ENERGY CAPACITY - W-HR 105-55 
842008 
F i g u r e  14. Sens i t i v i t y  of T a n k  Volume t o  Pressure  
- 26 - 
Power Systems Divis ion FCR-6128 
'NET (FIG) - 33.3 kW 
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300 PSlA €IC PRESSURE --- - 500 PSlA E/C PRESSURE 
FUEL CELL PRESSURE = 60 PSlA 
0 I I I I I I I I 
2 6 10 14 18 
ENERGY CAPCITY - W -  H R S x  10' 
105-83 
843008 
F i g u r e  15. Reactant and Tank  Weight as a Funct ion of Energy  Capaci ty 
- 27 - 








FC R - 61 28 
- 




4 9 1  
- 
4 8 )  - 
NET (FICI = 33.3 kW 




/ /  
300 PSlA E/C 
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105-82 
843008 
Figure  16. Reactant T a n k  Volume as a Funct ion of Energy  Capaci ty 
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E .  Rel iab i l i ty  and Maintenance 
T h e  importance o f  t h e  RFCS t o  mission success and crew safety  requ i res  t h a t  
re l iab i l i t y  be  t h e  p r i m a r y  considerat ion.  I t  also requ i res  a care fu l  cons iderat ion of  
maintenance phi losophy a n d  even af fects  the  selection o f  module size. All  these 
fac to rs  a r e  discussed in t h i s  section because t h e y  a r e  no t  mutua l l y  exc lus ive  con- 
s iderat ions.  
T h e  p r o c e d u r e  used i n  deal ing w i t h  these factors was as fo l lows: 
- A f a i l u r e  r a t e  estimate was made f o r  each component in t h e  RFCS module 
and f rom th is ,  a n  overa l l  f a i l u r e  ra te f o r  t h e  system could b e  determined.  
A maintenance approach was selected f r o m  several  opt ions.  
approach.  
- 
- A module re l iab i l i t y  was determined based on t h e  selected maintenance 
- T h e  number of spare RFCS modules r e q u i r e d  to meet t h e  overa l l  system 
r e l i a b i l i t y  was determined. 
Fa i lu re  Rates 
A n  RFCS module components l i s t  together  w i th  t h e  estimated component f a i l u r e  ra tes 
i s  shown in Tab le  1 1 1 .  T h e  fa i lu re  rates, which a r e  based on  random fa i lures,  were 
based on  aerospace f a i l u r e  r a t e  compilations (References 17 and 18) a n d  f r o m  U T C  
f a i l u r e  d a t a  on electrochemical cells (Reference 19) .  I t  was assumed that t h e  
e lect ro lys is  cel l  stack f a i l u r e  r a t e  i s  as good as t h a t  o f  t h e  f u e l  cel l  s tack.  As 
shown below, t h e  overa l l  f a i l u r e  r a t e  i s  estimated to b e  69.31 fa i lu res  p e r  mi l l ion 
hours .  
- 29- 
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Table I I I .  RFCS Component/System Fai lure Rates 
FCR-6128 
Fuel Cell  U n i t  
Cell  Stack (FCS-1) 
Condenser (HEX-1) 
H, Pump/Separator (PMP-1) 
Coolant Pump (PMP-2) 
Thermal Control  Va lve  ( T C V - 2 )  
S tack  I n l e t  Control  Va lve  (TCV-1 )  
S t a r t / S u s t a i n  Heater (HTR-1 )  
TCE Contro l  Valve ( T C V - 3 )  
Coolant Accumulator (ACC-1)  
Produc t  Water Check Va lve  (CHV-1)  
H, Pressure Regulator (PCV-1)  
0, Pressure  Regulator  (PCV-2)  
TCE Temperature Sensor (TE-6)  
Coolant Return  Tempera ture  Sensor ( T E  
Stack I n l e t  Temperature Sensor (TE-16)  
Stack E x i t  Temperature Sensor (TE-17) 
Pump I n l e t  Temperature Sensor (TE-18) 
Electrolysis Cell U n i t  
Cell  Stack (ECS-1) 
Water Feed Tank (TNK-4)  
W a t e r  Feed Pump (PMP-3) 
Water Check Valve (CHV-2)  
H2 Pressure  Regu!ator (PCV-3) 
0, Pressure  Regulator (PCV-4)  
S t a r t / S u s t a i n  Heater (HTR-2)  
Stack In le t  Temperature Sensor (TE-21) 
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Table I I I .  RFCS Component/System Fa i lu re  Rates (Cont inued)  
Reactant Storage Un i t  
H, T a n k  ( T N K - 1 )  
0, T a n k  ( T N K - 2 )  
H, Flow C T L  Va lve  (FCV-1)  
0, Flow C T L  Va lve  (FCV-2)  
H, T a n k  Pressure Sensor (PT-23)  
0, T a n k  Pressure Sensor (PT-24)  
H T a n k  Coolant Temperature Sensor (E-23) 
0, T a n k  Coolant Temperature Sensor (TE-24) 
Product  Water T a n k  ( T N K - 3 )  
Thermal Management U n i t  
In te r face  Heat Exchanger  (HEX-2) 
Cont ro l le r  
Plumbing and  Mechanical P a r t s  
Frame and Mount ing  Suppor t  
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T h e  maintenance approach f o r  t h e  RFCS assumed in th is s t u d y  i s  complete module 
replacement coupled w i t h  ear th-base module r e p a i r .  A discussion o f  t h i s  a n d  t h e  
o t h e r  maintenance opt ions t h a t  were considered is  discussed in Section I V - F .  
Reliabi I i ty  Requ i rements 
With t h e  complete module replacement maintenance approach, t h e  system re l iab i l i t y  is  
t h e  p r o b a b i l i t y  o f  s u f f i c i e n t  modules b e i n g  avai lable during a r e s u p p l y  per iod  ( r e -  
placement/repair  t u r n a r o u n d  per iod)  t o  maintain t h e  r e q u i r e d  minimum load. ( A s  a 
basel ine it was assumed that t h e  f u l l  vehic le  load was r e q u i r e d . )  
T h e  re l iab i l i t y  ( R )  of any g iven module is de f ined as: 
. module upt ime R =  
module upt ime + module downt ime 
Module upt ime i s  equiva lent  t o  t h e  mean-t ime-between-fai lures as determined by t h e  
module f a i l u r e  ra te.  I n  t h i s  case, 
MTBF = lo6 = 14428 h o u r s  
69.31 
Module downtime is t h e  r e s u p p l y  per iod,  assumed t o  b e  30 days  ( o r  720 hours)  as a 
basel ine. Thus,  
R =  14428 = 0.9525 
14428 + 720 
,As po in ted  out above, a s ing le unspared module cou ld  n o t  b e  expected t o  p r o v i d e  
u n i n t e r r u p t e d  power f o r  a n  extended p e r i o d  of t ime. T h e  number  of spare modules 
r e q u i r e d  to prov ide  a reasonable system r e l i a b i l i t y  goal, as y e t  undef ined, is de- 
pendent  on  the number o f  modules r e q u i r e d  t o  meet t h e  to ta l  space s tat ion load 
wh ich  is  also undef ined.  
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For tunate ly ,  t h e  mat ter  can b e  handled parametr ical ly.  If k modu 
t o  meet t i l e  vehic le load and m modules a r e  avai lable ( t h e  number 
( m - k ) ) ,  t h e  p r o b a b i l i t y  o f  be ing  able to meet t h e  vehic le load may b e  
es a r e  r e q u i r e d  
o f  spares b e i n g  
!xpressed as  
m-k 
p =  - m!Rm (1-R)'  +A mlRm-' ( l - R ) '  + " " +  - m!Rk ( l - R )  
m!O! ( m - l ) !  l !  k !  ( m - k ) !  
T h i s  re la t ionship was used t o  determine the  impact of severa l  parameters on t h e  
RFCS re l iab i l i t y .  
a .  Module R a t i n g  - T h e  to ta l  Space Station power requi rement  a long w i t h  t h e  
module r a t i n g  determines t h e  number of  modules r e q u i r e d  t o  operate for ful l  power .  
For  example, w i t h  a to ta l  power requirement o f  100 k W  and a n  individual module 
r a t i n g  of  25 kW, f o u r  modules are  requ i red  t o  generate fu l l  load. T h e  impact o f  
module rat ing o n  re l iab i l i t y  is  presented in F i g u r e  17 for t h r e e  d i f f e r e n t  module 
r a t i n g s  (1/4, 1/3 a n d  1/2 power) as a funct ion o f  t h e  number o f  spare  modules 
o n - o r b i t .  Conversely ,  t h e  number of  spare modules r e q u i r e d  t o  achieve g i v e n  
re l iab i l i t y  can b e  determined as a funct ion of module r a t i n g .  F o r  example, w i t h  
t h r e e  modules r e q u i r e d  t o  meet ful l  load, a 30 day r e s u p p l y  per iod,  a n  M T B F  o f  
14400 hours,  and a system re l iab i l i t y  goal of approx imate ly  0.99, one spare module 
must  b e  o n - o r b i t .  With a smaller module ( four  r e q u i r e d  t o  meet t h e  same tota l  load) 
a n d  e v e r y t h i n g  else t h e  same, t w o  spare  modules a r e  r e q u i r e d  because one spare  i s  
insu f f i c ien t .  
b. Resupply  Per iod - T h e  impact of resupply  p e r i o d  on  system re l iab i l i t y  a n d  
spare modules is  presented in F i g u r e  18 for a system t h a t  requ i res  t h r e e  modules 
f o r  fu l l  power .  I t  can b e  seen that ,  wi th  a re l iab i l i t y  goal of 0.99, f o r  example, 
one spare is  r e q u i r e d  for resupp ly  per iods between 15 a n d  30 days, t w o  spares 
between 30 a n d  60 days a n d  t h r e e  spares between 60 and 90 days .  
c. Minimum Power Requirement - T h e  probab i l i t y  ( r e l i a b i l i t y )  o f  s u p p l y i n g  100% o f  
t h e  space s tat ion power was presented above. If, however, it were  acceptable to 
have less t h a n  100% power, fewer  spares might  b e  needed. Again,  for  t h e  example 
o f  a 1/3 size module ( t h r e e  modules r e q u i r e d  t o  meet ful l  power),  t h e  impact o f  t h e  
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minimum power requi rement  on system re l iab i l i t y  and number o f  spares i s  shown in 
F i g u r e  19. I t  can b e  seen that, f o r  a 0.99 re l iab i l i t y ,  t w o  t h i r d s  of  t h e  to ta l  power  
can b e  del ivered w i t h  no spares.  
d. Mean-Time-Between-Fai lure - T h e  M T B F  used i n  t h e  fo rego ing  discussions 
(14400 hours)  was based on  t h e  estimated f a i l u r e  ra tes o f  t h e  ind iv idua l  components 
in t h e  power plant. T h e  impact o f  M T B F  on t h e  system re l iab i l i t y  and t h e  number  
o f  spare modules r e q u i r e d  i s  p resented  in F i g u r e  20. A h i g h e r  M T B F  can b e  
accomplished by s imp l i f y ing  t h e  components and/or  t h e  module a n d / o r  ins ta l l ing  
r e d u n d a n t  components w i t h i n  t h e  module. Again, f o r  t h e  example of t h e  t h r e e  
module case and a re i iab i l i t y  goal o f  0.99 it can b e  seen tha t  inc reas ing  t h e  M T B F  
f r o m  14400 hours t o  30000 hours  does n o t  el iminate t h e  requi rement  f o r  one spare .  
However, it does, of course reduce t h e  number o f  fa i lu res  a n d  t h e r e f o r e  t h e  
number o f  module replacements r e q u i r e d  during t h e  mission. 
e. Maintenance - T h e  maintenance approach f o r  t h e  RFCS t h a t  was assumed f o r  
t h e  re l iab i l i t y  s t u d y  descr ibed in t h e  preced ing  section invo lved complete module 
replacement wi th  ear th-base r e p a i r .  T h i s  selection was in f luenced by t h e  assump- 
t i o n  tha t ,  g iven t h e  considerat ions s tated below, complete module replacement wou ld  
be t h e  ult imate Space Stat ion phi losophy and t h a t  a l te rna t ive  approaches, e i t h e r  
alone o r  in combination were too complicated to evaluate a t  t h i s  p o i n t  i n  t h e  d e f i n i -  
t ion  o f  t h e  regenerat ive fue l  cel l  system. 
In-space component replacement and/or  r e p a i r  would r e s u l t  in a lower  to ta l  mission 
we igh t - to -orb i t  t h a n  complete module replacement. T h e  a b i l i t y  to p r o v i d e  t h i s  
maintenance however, requ i res  a n  on-board  workshop and special t e s t  fac i l i t ies  in 
wh ich  t h e  replacements and/or  repa i rs  would b e  made a n d  t h e i r  success v e r i f i e d .  
I n  addi t ion,  the complexi ty of t h e  system wou ld  increase because o f  t h e  add i t ion  of 
t h e  numerous f luid disconnects a n d  isolat ion v a l v i n g .  T h e  RFCS volume would also 
increase so tha t  t h e  components would b e  more accessible f o r  in-space s e r v i c i n g .  
RFCS could be des igned w i t h  t h i s  f l e x i b i l i t y  for i n - o r b i t  maintenance if t h e  overa l l  
ph i losophy requi res it. 
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Another  opt ion f o r  minimizing maintenance i s  t o  incorpora te  in te rna l  redundancy  i n  
t h e  accessory package. T h e  inclusion of r e d u n d a n t  components w i t h i n  a k F C S  
module w i l l  no t  o n l y  r e s u l t  i n  a lower total mission w e i g h t - t o - o r b i t  but i t  has t h e  
potent ia l  f o r  increas ing t h e  module MTBF which w i l l  increase t h e  system re l iab i l i t y .  
I n  sp i te  o f  t h e  fact  t h a t  t h e  redundant  component does increase t h e  MTBF, 
prov is ions have t o  b e  made f o r  sensing t h e  f a i l u r e  of a component and, if desired, 
automatical ly sw i tch ing  o v e r  t o  t h e  redundant  component. 
It can b e  seen t h a t  combinations of t h e  maintenance approaches migh t  p r o v i d e  a 
more opt imum s i tuat ion than any  single one. Depending on  mission requirements,  
redundant  components w i t h  manual switchover a f t e r  caut ion and w a r n i n g  signals 
m i g h t  b e  acceptable. Cer ta in  components migh t  b e  more easi ly replaced in space 
and there fore ,  would no t  w a r r a n t  t h e  r e t u r n  o f  t h e  e n t i r e  module. T h e  selection o f  
a n  optimum maintenance approach could be ident i f ied  by an in tegra ted  log is t ics  
s u p p o r t  ( I L S )  s t u d y  when t h e  RFCS i s  bet ter  def ined.  
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T h i s  section presents t h e  b a s i s  f o r  t h e  Regenerat ive Fuel Cell  System s t u d y ,  iden-  
t i f ies  t h e  pacing technology issues f o r  t h e  fue l  cel l  subsystem, e lect ro lys is  cel l  
subsystem and anc i l lary  components along w i t h  recommended demonstrat ion tests,  
and specif ies system in teg ra t i on  tests  r e q u i r e d  f o r  t h e  Eng ineer ing  Model System 
(EMS). 
BASIS OF STUDY 
T h e  technology status ut i l ized as  t h e  Basis o f  S t u d y  f o r  t h e  Regenerat ive Fuel  Cell  
System i s  presented in Table IV. 
Table IV. RFCS Basis of  S t u d y  
Tech nology Parameter Fuel Cell  Elect ro l  y z e r  
Performance 
Opera t i ng  Temperature 
Cell  Performance Decay 
Opera t i ng  Pressure 
L i fe  
Weight Cel I 
Cornpon en t s  
O r b i t e r  
140- 180OF 
NASA 
140- 1 80' F 
2 pV/hr-ce l I  - 
60 psia 300 psia 
40,000 hours  40,000 hours  
NASA - LeRC 
Con f igu ra t i on  




Fuel cel l  character ist ics a re  based upon O r b i t e r  fuel  cel l  power p l a n t  exper ience and 
technology advances resu l t i ng  f rom t h e  NASA-Lewis sponsored technology advance-  4 
ment p rogram.  A descr ip t ion of t h e  f u e l  cel l  conf igurat ion,  per fo rmance and endu-  
rance character ist ics are p resented  in Section V . A .  
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T h e  e lect ro lys is  cel l  character is t ics  f o r  performance, volume and we igh t  were  p r o -  
v i d e d  t o  U n i t e d  by N A S A .  T h e  character is t ics  f o r  t h e  a lka l ine e lec t ro ly te  water  
e lec t ro lyzer  a r e  presented in Reference 15. Reference 16 summarizes t h e  
charac ter is t i cs  o f  t h e  sol id po lymer e lect ro ly te  water  e lect ro lyzer  cel l .  
A .  Fuel Cel l  System 
T h e  f u e l  ce l l  performance u t i l i zed  in t h e  study is  presented on  F i g u r e  21. T h e  
per formance is  based upon O r b i t e r  f u e l  cell power  p l a n t  exper ience w i t h  a vo l tage 
level  reduc t ion  consis tent  w i t h  t h e  long- term simulated Regenerat ive Fuel  Cel l  
endurance t e s t  resu l ts  shown on F i g u r e  23. T h e  endurance t e s t  conducted w i t h  a 
large-s ize s ix-ce l l  s tack has completed 18,000-hours o f  operat ion w i t h  a vo l tage 
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F i g u r e  21. Fuel Cel l  Performance 
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The 40 , 000-hour performance is for a modified Or'biter' fuel cell incorpor'ating sta ble , 
lo ng - life matr ic es , cell edge frames and electrodes identified under' the techn o logy 
ad v a ncement p r'ogram . The present tech nology pedormance level repr' esents a fuel 
ce ll operating at 140° F (60°C). The higher performance level or techn o logy g oal is 
fo r a fuel cell operati ng at 180° F (82 . 2°C) . 
The power generating unit of the fuel cell stack is the unitized electrode assembly 
shown in Figure 22. The unit consists of an hydrogen and oxygen electrode 
separated by an electrolyte-containing matrix, with a porous electrolyte reservoir 
structure adjacent to or integral to the anode. All these components are un itized 









Figure 22 . Fuel Cell Unitized Electrode Assembly 
- 42 -
\ 
Power Systems D iv is ion  FCR-6128 
A technology base is be ing  developed for application t o  t h e  Regenerat ive Fuel Cel l .  
A s ix-ce l l  f u e l  cel l  stack comprised of O r b i t e r - t y p e  fue l  cel ls has completed 
18,000-hours (12,000 cycles) of  cycl ical  operat ion.  
6 cell stack 
Acell = 0.5 ft2 
At open cycle 
0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0  0 0 0  0 0 0 0 0  0 0 0 0 0  
0 0 0  0 
CYCLE TIME - HOURS 
1 I I I I I I I I I 1 I I I I I I 1 I J 
0 2000 4000 6000 8OOo 10,000 12,000 14,000 16,000 18,000 20,000 
Test time - Hours 
Test continuing 
F i g u r e  23. Regenerat ive Fuel Cell  Endurance T e s t  
FC20679 
842410 
T h e  in i t ia l  performance of this f i r s t  s ix-cel l  s tack tes ted  t o  a cyc l ica l  load p r o f i l e  
was lower  t h a n  expected. Recent stack test  exper ience however  has demonstrated 
performance levels consis tent  w i t h  O r b i t e r  exper ience. A recent ly  cons t ruc ted  
f ou r -  cel I s tack  i nco r p o r a t  i ng cel Is w i t h  corrosion - res is  t a  n t  potass i urn t i tana te  mat ri - 
ces, see F i g u r e  24, a n d  l igh twe igh t  g raph i te  e lec t ro ly te  r e s e r v o i r  plates, shown on 
F i g u r e  25, has completed o v e r  3000-hours of operat ion.  T h e  per formance h i s t o r y  of  
t h e  four -ce l l  stack b e i n g  endurance tested u n d e r  t h e  Lewis p r o g r a m  i s  shown on 
F i g u r e  26. 
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(WCN-11087) 
Figure 24. Butyl Rubber Bonded Potassium Titanate Mat rix 
(WCN-11 031) 
Figu re 25. Graph ite Electrolyte Reservoi r Plate 
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F i g u r e  26. NASA-Lewis Four-Cel l  Stack Endurance T a s k  
A four -ce l l  s tack  incorpora t ing  a l l  o f  t h e  cell fea tures  conta ined in t h e  p r e v i o u s l y  
descr ibed f o u r - c e l l  stack p l u s  a corros ion-res is tant  molded cel l  edge f rame shown i n  
F i g u r e  27 and l i g h t w e i g h t  cooler assembly has completed o v e r  3000-hours o f  t e s t i n g  
w i t h  no overa l l  reduct ion in cel l  performance. T h e  s tack was c o n s t r u c t e d  a n d  is 
b e i n g  endurance tes ted  u n d e r  a N a v y  program. T h e  endurance t e s t  w i l l  b e  
cont inued u n d e r  a Un i ted  IR&D program. T h e  per formance h i s t o r y  of  t h e  s tack is 
shown in F i g u r e  28. 
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F igu re  27. Molded PPS Cell  Edge Frame 
(WCN-9795) 
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Figure  28. Navy  Four-Cel l  Stack Endurance Test 
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9 .  
Recent fue l  cel l  stack endurance t e s t  experience i s  demonstrat ing t h e  su i tab i l i t y  o f  
cel l  components i den t i f i ed  u n d e r  t h e  Lewis technology p rog ram f o r  use in  t h e  fue l  
cel l  stack f o r  t h e  Eng ineer ing  Model System. 
T h e  fue l  cel l  stack assembly employed in the RFCS s t u d y  is  shown in F i g u r e  29. 
S ign i f icant  cel l  components wi th t h e  potential t o  ex tend  opera t i ng  l i f e  and reduce 
cel l  we igh t  a re :  ( 1 )  t h e  b u t y l  bonded potassium t i t ana te  ma t r i x ,  (2) t h e  molded 
PPS cel l  edge frame, (3) t h e  g r a p h i t e  e lect ro ly te  rese rvo i r  p la te  and (4) t h e  
photoetched subs t ra te  electrode. All  of these cel l  components have successful ly 
been incorpora ted  i n t o  fu l l -s ize  cells and endurance tested.  
T h e  b u t y l  r u b b e r  bonded potassium t i tanate ma t r i x  has been incorpora ted  in to  
O r b i t e r - t y p e  0.508 f t2 (472 cm') cel ls and endurance tested in two, mul t i -ce l l  
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F i g u r e  29. Fuel Cell Stack Assembly 
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T h e  molded PPS cell edge frame shown on F i g u r e  27 has been successful ly incor -  
pora ted  i n t o  the cells o f  two  fu l l -s ize  Navy  stack endurance tes ts .  T h e  improved 
corrosion-resistant frame wi l l  b e  employed in f u t u r e  fu l l -s ize  stacks endurance 
tested u n d e r  t h e  Lewis program. 
When t h e  graph i te  electrolyte rese rvo i r  p late (ERP) is  incorpora ted  i n t o  t h e  O r b i t e r  
p roduc t ion  cell, replacing t h e  heavy porous n icke l  ERP, t h e  cel l  we igh t  is reduced 
by 47 percent .  Graph i te  ERP’s have been successful ly endurance tested in t w o  
fu l l -s ize  0.508 f t 2  (477 cm2) area mul t i -ce l l  stacks u n d e r  t h e  Lewis p rogram.  A 
photograph of the g raph i te  ERP i s  shown on F i g u r e  25. 
T h e  photoetched n icke l  fo i l  subs t ra te  electrode shown on F i g u r e  30 was developed 
under  t h e  Lewis program. There  have been many successful endurance tes ts  o f  
labora tory  research cel ls employing t h i s  electrode conf igura t ion .  T h e  Navy  fou r -ce l l  
.,tack endurance tes t  shown on F igu re  28 contains cells w i t h  photoetched subs t ra te  
electrodes. 
F igu re  30. 
Photoetched Subst ra te  Electrode 
(WC : N - l l  085) 
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T h e r e  a re  o n l y  two technical  issues re la t i ng  t o  t h e  fue l  cel l  and i t s  appl icat ion in a 
RFCS f o r  space stat ion.  These issues are:  (1) t h e  long- l i fe  capab i l i t y  of  t h e  f u e l  
cel l  stack and (2)  t h e  fue l  cel l  stack tolerance t o  launch and space env i ronment .  
I n  o r d e r  t o  resolve these technical  issues, t h e  demonstrat ion tes ts  ident i f ied  in 
Table V are  recommended. 
Tab le  V. Recommended Fuel Cell Stack Demonstrat ion Tes ts  
0 DEMONSTRATE LONG-LIFE CAPABIL ITY  OF THE STATE-OF-THE-ART 
CELL  STACK.  
0 DEMONSTRATE LONG-LIFE CAPABIL ITY  OF THE ADVANCED 
CONFIGURATION CELL STACK 
0 DEMONSTRATE FUEL CELL STACK TOLERANCE T O  LAUNCH AND 
S f A C E  ENVI RONMENT 
T h e  long - l i f e  endurance tes ts  of fue l  cel l  stacks t o  a cycl ical  load p r o f i l e  s imu la t ing  
RFC opera t ion  wi l l  demonstrate cel l  performance s t a b i l i t y  and stack s t r u c t u r a l  
i n t e g r i t y .  T h e  goal o f  these tes ts  shou ld  be to demonstrate t h e  endurance capabi-  
l ity o f  a f l i g h t - w e i g h t  cel l  con f igura t ion .  The  concern of  stack to lerance to launch 
and  space env i ronment  i s  focused upon t h e  ability o f  t h e  cel l  stack and l i gh twe igh t  
g r a p h i t e  e lec t ro ly te  rese rvo i r  p la te  t o  w i ths tand t h e  accelerat ion and v i b r a t i o n  
associated w i t h  launch. 
B .  E lec t ro lyzer  Cell 
T h e  weight,  volume and  performance charac ter is t i cs  f o r  t h e  e lec t ro lyzer  cel l  we re  
p r o v i d e d  t o  Un i ted  by NASA. T h e  character ist ics o f  t h e  sol id po lymer  e lec t ro ly te  
cel l  a r e  p resen ted  ' in Reference 16. Reference 16 summarizes t h e  charac ter is t i cs  o f  
t h e  alkal ine wa te r  electrolysis cel l .  These references did not  i d e n t i f y  any funda- 
mental cel l  area scale-up o r  opera t ing  l i f e  l imitat ions. 
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T h e  performance o f  t h e  alkal ine e lec t ro lys is  cel l  is  shown i n  F i g u r e  31. T h e  
performance shown a t  14OOF (6OOC) and 18OOF (82.2OC) i s  va l i d  f o r  a n  ope ra t i ng  
p ressu re  range f rom ambient t o  550 p s i a  (379.2 N/cmZ)  a t  beg inn ing  o f  l i fe .  
Sol id po lymer  e lec t ro ly te  performance a t  300 p s i a  (206.8 N/cm*)  a t  a cel l  tempera- 
t u r e  o f  140°F (6OOC) and 18OOF (82..2OC) is  shown on F i g u r e  32. E lec t ro lys is  cel l  
performance d a t a  a t  h i g h  opera t i ng  pressures  was n o t  i den t i f i ed  in Reference 16. 
T h e  performance level shown on F i g u r e  32 is  s imi lar  to t h e  alkal ine performance 
d a t a  p resented  on F i g u r e  31. T h e  sol id po lymer  e lec t ro l y te  performance is  v a l i d  a t  
t h e  beg inn ing  of l i f e .  
PRESSURE RANGE: 
AMBIENT TO 550 PSlA 
0 
I I I i 
100 200 300 400 
105-70 
842008 
CURRENT DENSITY - ASF 
F i g u r e  31 A lka l ine  E lec t ro lys is  Cell  Performance 
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F i g u r e  32. Sol id Polymer Elect ro ly te  Elect ro lys is  Cell  Performance 
T h e  status ot t h e  e lect ro lys is  cel l  development act iv i t ies  as  p e r t a i n i n g  t o  opera t ing  
l i f e  i s  shown graph ica l l y  on F igure  33. I n  small labora tory  size cells b o t h  t h e  
a lka l ine a n d  sol id po lymer e lect ro ly te  e lect ro lyzer  technologies a r e  approaching o r  
have met t h e  40,000-hour l i fe  goal. However., demonstrat ion tests  discussed in t h e  
l i t e r a t u r e  of t h e  long- , l i fe  o f  fu l l -s ize  mul t i -ce l l  s tack e lect ro lyzers has o n l y  
demonstrated 25 percent  o f  t h e  l i fe  goal. 
T h e r e  a r e  t h r e e  technical  issues re la t ing  t o  t h e  e lect ro lys is  cel l  a n d  t h e  appl icat ion 
i n  a RFCS for  space s tat ion.  These issues inc lude:  (1) manufac tur ing  capability 
t o  scale-up f rom laboratory-s ize cells, (2) l imi ted large-s ize a lka l ine e lect ro lyzer  
t e s t  exper ience a n d  (3) to lerance to  t h e  launch env i ronment  a n d  space condi t ions.  
T h e  issue r e l a t i n g  t o  manufac tur ing  capabi l i ty  t o  scale-up f r o m  lab-size cells is 
d i rec ted  t o w a r d  t h e  alkal ine electrolysis cell. For  EMS and RFCS appl icat ion,  a f i v e  
t o  ten  times area increase must  be demonstrated w i t h  t h e  a lka l ine cel l .  Large-s ize 
, - 51 - 
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F igu re  33. Electrolysis Cell  Technology Status 
sol id polyiiiitr e lec t ro ly te  cel l  stacks conta in ing  100 cells have been fab r i ca ted  and  
endurance tested under  a Navy  p rog ram.  A demonstrat ion t e s t  p rog ram conducted  
b y  t h e  electrolyzer manufac turer  i n c l u d i n g  t h e  recommended demonstrat ion tes ts  
ou t l ined  in Table VI  i s  an approach to resolve i den t i f i ed  technical  issues. 
I 
Table VI .  Recommended t Ic *c t ro Iys is  Cell  Stack Demonstrat ion Tes ts  
0 ENDURANCE TEST FULL-S iZE A L K A L I N E  ELECTROLYSIS CELL 
0 DEMONSTRATE LONG-LIFE ON FULL-SIZE ELECTROLYSIS CELL STACK 
0 DEMONSTRATE ELECTROLYSIS CELL STACK TOLERANCE T O  LAUNCH 
AND SPACE ENVIRONMENT 
A long - te rm endurance tes t  o f  a f u l l - s i ze  a lka l ine  e lec t ro lys is  cel l  a t  high pressure ,  
300 psia (206.8 N/cm2) o r  h i g h e r  w i l l  demonstrate:  (1) successful scale-up f r o m  
laboratory-sized cells and (2) l ong - te rm per fo rmance s t a b i l i t y .  A l l  endurance tes ts  
i 
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shou ld  b e  conducted  on f l i g h t - w e i g h t  cel l  conf igurat ions.  Long- te rm endurance 
tests  of  fu l l -s ize  electrolysis cel l  stacks to a cycl ical  load p r o f i l e  s imulat ing RFCS 
operat ion will demonstrate cel l  performance s tab i l i t y  and  s tack  s t r u c t u r a l  i n t e g r i t y .  
In addi t ion t h e  capabi l i ty  o f  t h e  electrolysis cel l  t o  operate on fue l  cel l  p r o d u c t  
water  w i l l  have t o  b e  demonstrated. The concern of  e lect ro lys is  cel l  stack t o  
launch and space environment is focused upon t h e  ability o f  t h e  s tack  t o  w i ths tand 
1 
I 
I t h e  accelerat ion and v ib ra t i on  associated w i t h  launch. 
I C.  Anc i l l a ry  Components 
I 
I T h e  des ign  approach f o r  t h e  anc i l l a ry  components i n  t h e  RFCS is t o  employ O r b i t e r  
fue l  cel l  power  p l a n t  exper ience w i t h  improvements in  t h e  components as  r e q u i r e d  t o  
ex tend  opera t i ng  l i fe .  A b r i e f  rev iew of  t h e  O r b i t e r  system was conducted t o  
i d e n t i f y  pacing technology items. T h e  major i ty o f  t h e  system components i n c l u d i n g  
t h e  p r e s s u r e  regulator ,  valves, sensors, and coolant pump have a n  expected 
40,000-hour ope ra t i ng  l i f e  w i t h  t h e  component improvements in process o r  i den t i f i ed  
u n d e r  t h e  O r b i t e r  fue l  cel l  p rogram.  Th is  review ident i f ied  on ly  t w o  anc i l lary  com- 
ponents, t h e  hydrogen pump and water  pump, r e q u i r i n g  development w o r k  u n d e r  
the EhlS approach. 
A n  O r b i t e r  hyd rogen  pump, shown on Figure 34, employed i n  t h e  s ix-ce l l  stack 
cycl ical  endurance tes t  completed 12,000-hours of  operat ion w i thou t  maintenance. 
T h e  opera t i ng  l i f e  of  t h e  hyd rogen  pump is a funct ion o f  bea r ing  design and lu- 
b r i ca t i on  approach.  A shielded bear ing  i s  employed i n  a l l  p roduc t i on  hyd rogen  
pumps. A n  improved sealed bear ing  which t r a p s  t h e  l u b r i c a n t  in t h e  bear ing  has  
been inco rpo ra ted  in to  t h e  hyd rogen  pump employed in a f o u r - c e l l  stack endurance 
t e s t  be ing  run u n d e r  t h e  Lewis p rogram.  
A water  pump is r e q u i r e d  in t h e  RFCS t o  t r a n s f e r  fue l  cel l  p r o d u c t  water  t o  t h e  
e lect ro lyzer .  Th i s  pump operates in termi t tent ly  filling a water  storage tank in thz  
electrolysis ce l l  system and pressur izes  the water  t o  e lect ro lyzer  p ressu re .  T h e r e  
is  no comparable component in t h e  O r b i t e r  fue l  cel l  power p lan t .  However, Un i ted  
expects t h e  water  pump to  have a n  operat ing l i f e  a t  least as good as t h e  hyd rogen  
pump.  In select ing a cycl ical  water  pump, a design would b e  i den t i f i ed  w i t h  t h e  
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T h e  technology s tatus of t h e  anc i l la ry  components i s  summarized in  F i g u r e  35. 
LIFE GOAL 40,000 HOURS 
IWATER PUMP (CYCLICAL) 
0 25 50 75 100 
PERCENT OF GOAL 105-67 
843008 
F i g u r e  35. Anc i l la ry  Component Technology S t a t u s  
Thus the-e a r e  o n l y  t w o  technical  issues per ta in ing  t o  t h e  anc i l la ry  components in 
t h e  RFCS. These a r e  b e a r i n g  and seal l i fe o f  t h e  h y d r o g e n  rec i rcu la t ion  pump and 
water  pump.  T h e  approach t o  improv ing  the opera t ing  l i f e  o f  these components is  
t o  improve b e a r i n g  lubr ica t ion  and incorporate s u p e r i o r  b e a r i n g  seal des igns.  With 
these modif icat ions a component opera t ing  l i fe  o f  40,000-hour i s  at ta inable.  A l t e r -  
nate b e a r i n g  des ign concepts a re  also available i n c l u d i n g  gas bear ings  for t h e  
hydrogen p u m p  and a magnetic c lu tch  f o r  the water  pump.  
T h r e e  demonstrat ion tes ts  a r e  r e q u i r e d  as iden t i f ied  in Tab le  VI1 t o  v e r i f y  t h e  
su i tab i l i t y  of t h e  improved anc i l lary  components f o r  use in t h e  RFCS f o r  space 
stat ion.  
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Table V I  I .  Recommended A n c i l l a r y  Component Demonstrat ion Tests  
e DEMONSTRATE HYDROGEN PUMP LIFE 
e DEMONSTRATE WATER PUMP LIFE 
e COMPONENTS INTEGRATION 
l A 30,000-hour endurance t e s t  o f  t h e  h y d r o g e n  and water  pump should b e  conducted 
a t  ant ic ipated RFCS opera t ing  condi t ions.  Component in tegra t ion  tes ts  o f  s u b -  
systems inc lud ing  hydrogen and o x y g e n  loops a r e  r e q u i r e d .  These in tegra t ion  tes ts  
a r e  impor tan t  in o r d e r  t o  v e r i f y  t h e  system des ign  concept .  
I 
I 
I D. System Integrat ion 
I 
System in tegrat ion tests  cu lminat ing in t h e  fabr ica t ion  and demonstra.ion 
a n  Engineer ing Model System (EMS) is necessary t o  v e r i f y  t h e  operat ional  
o f  RFCS design concept.  These tes ts  w i l l  demonstrate:  
t e s t i n g  o f  
ca p a  b i I i t y  
System In tegra t ion  
Selected Cont ro l  Approach 
Troub le-  Free Operat ion 
Operat ion a t  Vehic le Voltage' 
Operat ion a t  Design Power Dens i ty  
Operat ion t o  Orb i ta l  Cyc le  
Ef f ic iency 
Trans ien t  Power Capabi l i ty  
T h e  phys ica l  con f igura t ion  o f  t h e  RFCS and system packag ing  f l e x i b i l i t y  w i l l  b e  
demonstrated b y  t h e  in tegra t ion  tes ts .  
T h e  system in tegrat ion tests  w i l l  also demonstrate a l te rna te  opera t ing  modes o f  t h e  
EMS. T h i s  t e s t  w i l l  demonstrate t h e  a b i l i t y  o f  t h e  system t o  operate on reactant  
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and water  suppl ied f r o m  a n  ex terna l  source w i t h i n  t h e  space stat ion.  T h e  system 
in tegra t ion  t e s t  w i l l  demonstrate t h e  capability t o  p r o v i d e  potable water  and/  or 
reactants t o  t h e  space stat ion.  Emergency power capabi l i ty  can also b e  demon- 
t s t ra ted .  
T h e  in tegra t ion  t e s t  w i l l  demonstrate t h e  s impl ic i ty o f  system operat ion.  T h e  RFCS 
wi l l  b e  capable o f  automatic s ta r tup ,  autonomous operat ion a n d  fa i l  safe shutdown.  
T h e  EMS in tegra t ion  t e s t i n g  w i l l  also demonstrate t h e  ease of mainta in ing t h e  RFCS. 
T h e  EMS a n d  character is t ics  a re  presented in Section VI.  
I 
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V I .  ENGINEERING MODEL SYSTEM CHARACTERISTICS 
An ear ly  demonstrat ion and evaluat ion of a "p ro to type"  regenera t ive  f u e l  cel l  system 
t o  establ ish i ts app l i cab i l i t y  f o r  t h e  Space Stat ion is t h e  goal o f  t h e  Eng ineer ing  
Model System (EMS) program.  A t  t h i s  p o i n t  i n  time, it i s  expected t h a t  t h e  EMS 
conf igura t ion  w i l l  b e  d ic ta ted  by t h e  ava i lab i l i t y  o f  system components. I t  is 
expected that  t h e  l a r g e r  coolant and h y d r o g e n  pumps r e q u i r e d  f o r  t h e  Space Stat ion 
RFCS wi l l  not  b e  avai lable f o r  t h e  EMS. T h e  use o f  O r b i t e r  f u e l  cel l  power plant 
components ( improved where  appl icable) w i l l  l imi t  t h e  EMS t o  a steady s tate 
maximum power o f  approx imate ly  10 k W  a t  a nominal cel l  tempera ture  o f  
18OoF(82.2OC). It should b e  po in ted  o u t  that  t h e  selection o f  t h e  opera t ing  con- 
d i t ions  w i t h i n  t h e  system a r e  based on  a p re l im inary  thermodynamic analysis t h a t  
migh t  change as requi rements for t h e  powerp lan t  a r e  establ ished and/or  modif ied, 
such as, power tu rndown,  vo l tage regulat ion,  a b o r t  s t a r t  capabi l i ty ,  and coolant 
r e t u r n  temperature l imi tat ions.  
T h e  EMS is  not expected t o  b e  a demonstrat ion o f  a Space Stat ion size power p l a n t  
b u t  would b e  designed w i t h  electrochemical cel l  components a n d  anc i l la ry  components 
w i t h  t h e  potent ia l  o f  long- l i fe .  T h e  EMS is  expected t o  p r o v i d e  ver i f i ca t ion  of  t h e  
operat ional  capabi l i ty  o f  t h e  RFCS. I t  is  expected t o  b e  a t r o u b l e - f r e e  
demonstrat ion o f  t h e  in tegra t ion  o f  t h e  f u e l  cel l  and e lec t ro lyzer  subsystems 
opera t ing  t o  an o r b i t a l  cyc le  and load p r o f i l e .  I t s  phys ica l  con f igura t ion  and 
packag ing  as well  as t h e  c o n t r o l  approach w i l l  conform t o  t h e  Space Stat ion concept 
and wi l l  b e  valid ver i f i ca t ion .  
T h e  fue l  cel ls and e lect ro lys is  cel ls w i l l  inc lude t h e  b e s t  technology avai lable a t  t h e  
t ime t h e  EMS i s  built. T h e  cel l  sizes a r e  expected to  b e  t h e  p r e s e n t  conf igu-  
rat ions,  0 .5 - f t2  ac t i ve  area f u e l  cel l  and if t h e  a lka l ine e lect ro lyzer  is chosen, a 
1 . O - f t 2  act ive area e lect ro lys is  cel l .  Whether these cel l  sizes w i l l  b e  changed f o r  
t h e  space stat ion RFCS wi l l  depend on t h e  f i n a l  power p l a n t  requirements,  such as, 
cost, power, vo l tage regulat ion,  e f f ic iency,  o r  we igh t .  With these cel l  sizes, t h e  
EMS can demonstrate operat ion a t  t h e  space s tat ion b u s  voltage, t h e  RFCS power 
dens i ty  (wat ts / f t2  of cel l  area) and t h e  expected system e f f i c iency .  
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In addi t ion to demonstrat ing performance, conf igurat ion a n d  in tegra t ion  as descr ibed 
above, t h e  EMS wi l l  b e  able t o  demonstrate t h e  a l te rna te  opera t ing  modes associated 
w i t h  in tegra t ion  o f  t h e  RFCS i n t o  o t h e r  space stat ion systems. I t  w i l l  operate i n  
t h e  power p r o d u c i n g  mode w i t h  reactants f rom ex terna l  tankage and produce 
hydrogen a n d  o x y g e n  f o r  consumption outside f r o m  water  suppl ied f r o m  a n  ex terna l  
sou rce.  
T h e  EMS wi l l  inc lude t h e  RFCS t y p e  of  cont ro l ler  and wi l l  b e  able t o  demonstrate 
t h e  s impl ic i ty  o f  system operat ion w i t h  automatic s t a r t u p  a n d  autonomous operat ion.  
A .  System Schematic 
T h e  fluid schematic o f  t h e  EMS i s  shown i n  F i g u r e  36. T h e  schematic is ident ica l  t o  
that  o f  t h e  RFCS presented  in Section 1 1 1 .  Component designat ions have been 
added along w i th  sensor designat ions and s tat ion numbers.  T h e  conf igura t ion  o f  
t h e  in tegra t ion  in ter faces have n o t  been def ined in t h i s  s t u d y .  
B. Physical  Conf igura t ion  
A packaging concept  o f  t h e  EMS is shown in F i g u r e  37. 
C.  EMS Charac ter is t i cs  
1. Module 
T h e  charac ter is t i cs  of t h e  EMS are  shown in Tables V l l l ,  I X  a n d  X .  These a r e  
based on t h e  steady s tate des ign p o i n t  condi t ions of t h e  f u e l  cel l  a n d  e lect ro lyzer  
shown in Tables X I  and X I I .  T h e  temperature, p r e s s u r e  and f low rates t h r o u g h o u t  
t h e  system a r e  shown in Tables X l l l  f o r  t h e  charge phase and X I V  f o r  t h e  
d ischarge phase. T h e  stat ion numbers on Tables X l l l  a n d  X I V  cor respond t o  those 
on  t h e  EMS schematic shown in F igure  36. 
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I N T E R A C T I O N  
I N T E R F A C E S  
c 
F i g u r e  37. 10-kW EMS 
YT I  
F i g u r e  36. EMS System Schematic 
ELECTROLYSIS A 
FUEL CELL STACK 
- REMOTE REACTANT TANKS 
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T A B L E  VI 1 1 .  EMS CHARACTERISTICS 
Module Rat ing  l O k W  
Orb i ta l  Cyc le  
L i g h t  Side 
D a r k  Side 
Fuel Cell  O u t p u t  
Vol tage 
C u r r e n t  
E lec t ro lyzer  Input* 
Vol tage 
C u r r e n t  
*Bas d on NASA Dat 
58.8 Minutes 
35.7 Minutes 
101 Vo l ts  
101 Amps 
50 Vo l ts  
215 Amps 
T A B L E  IX. EMS CHARACTERISTICS - EFFICIENCY 
Fuel Cell  
Elect r o l  y s is* 
Fuel Cell  U n i t  







*Based on NASA Data 
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TABLE X. EMS CHARACTERISTICS - ESTIMATED WEIGHT 
FCR-6128 
Fuel Cell  Power Section 145 Pounds 
Elect 1-01 yzer  Power Sect ion* 203 
Accessory Section 84 
Tanks  14 
Reactants 5 
Contro l ler  10 
Tota I 
*Based on NASA d a t a  
461 (12.91 Wat t -h rs )  
Ib 
~~~~ 
TABLE X I .  EMS CHARACTERISTICS - FUEL CELL OPERATION 
Gross Power 
Parasite Power 
Number of Cells ' 
Cel l  Area 
C u  r r e n t  Dens i ty  
Cell  Vol tage 
Cell  I n l e t  Tempera ture  




0.508 F t Z  
199 Arnps/FtZ 
.869 V o l t  
180' F 
60 Psia 
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T A B L E  XI I .  EMS CHARACTERISTICS - ELECTROLYZER OPERATION* 
Gross Power 10799 W a t t s  
I Parasite Power 168 Watts 
1 
Number of Cells 33 
Cell  Area 1.0 Ft2  
i 
C u r r e n t  Dens i t y  
Cell  Vo l tage 
Cell  I n l e t  Tempera ture  
Opera t ing  Pressure 
215 Amps/F tZ  
1.515 Vo l ts  
180OF 
300 Psia 
*Based on  NASA data 
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TABLE X I  I I .  EMS DESIGN TABLE 
LOCATION 
NO. NAME 
1 H2 TANK EXIT 
2 FC H2 FEED 
3 02  TAhK OUT 
4 FC 0 2  FEED 
5 CON0 H2 I N  
6 CON0 H2 OUT 
7 FC H2 I N  
8 FC H2 OUT 
9 FC H20 OUT 
10 H20 PUMP I N  
11 H20 PUMP OUT 
12 EC H 2 0  IN 
13 FC UNIT CLT IN 
14 C O N  CLT OUT 
15 HTR-1 CLT IN 
16 FC STK CLT I N  
17  FC STK CLT OUT 
18 FC CLT PUXP I N  
19 FC STK CLT @/P 
20 
2 1  
22 






HTR-2 CLT It4 
EC STK CLT I N  
EC STK CLT OW 
H2 TANK CLT I N  
02 TANK CLT I N  
02 TANK CLT OUT 
HEX-2 HOT I N  
HEX-2 HOT OUT 
HEX-2 B/P 
29 EC H2 OUT 
30 H2 TANK I N  
31  EC 02 OUT 
32 02 T A W  IN 
TEMP PRESS MOLE FRACTIONS 

























0 . 0  
0.0 
0 . 0  
0.0 
0 . 0  
0.0 
0.0 
0 . 0  
179. 61.6 0.0 0.0 0.0 
179. 61.6 0.0 1.000 0.0 
179. 300.0 0.0 1.000 0.0 
179. 300.0 0.0 1.000 0.0 
180. 62.6 0.0 0.0 0.0 
180. 61.6 0.0 0.0 0.0 
180. 61.6 0.0 0.0 0.0 
180. 61.6 0.0 0.0 0.0 
180. 60.6 0.0 0.0 0.0 
180. 60.6 0.0 0.0 0.0 
















62 - 6  
62.6 
62 - 6  
0 . 0  0 . 0  0 . 0  
0.0 0 .0  0.0 
0.0 0 . 0  0 . 0  
0.0 0 .0  0.0 
0 . 0  0 .0  0 . 0  
0.0 0 . 0  0 . 0  
0 . 0  0 . 0  0.0 
0.0 0.0 0 . 0  
0 . 0  0 . 0  0.0 
180. 300.0 0.982 0.018 0.0 
185. 300.0 0.982 0.018 0.0 
180. 300.0 0.0 0.018 0.982 




0 . 0  
0.0 










































0 .0  
0 .0  


















0 .0  
0 .0  
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LOCATION 
No. W E  
1 H2 T W  EXIT 
2 FC H2 FEED 
3 02TAMCOUT 
4 FC 02 FEED 
5 MM H2 I N  
6 C W H 2 O U T  
7 FC H2 I N  
8 FC H2 OUT 
9 FC H20 OUT 
10 H20 PUMP I N  
11 H20 M P  OUT 
12 EC H20 I N  
13 FC UNIT CLT I N  
14 C O W  CLT OUT 
15 HTR-1 CLT I N  
16 FC STK CLT I N  
17 FC STK CLT MIT 
18 FC CLT PUMP I N  










HTR-2 CLT I N  
EC STK CLT I N  
EC STK CLT OUT 
HZ TANK CLT I N  
02 TIM< CLT I N  
02 T W  CLT OVT 
HEX-2 HOT I N  
HEX-2 HOT OUT 
HEX-2 B/P 
T A B L E  Y IV .  EMS DESIGN T A B L E  
*-I** OISCHARGE PHASE ****** 
29 EC H2 OUT 
30 H2 T W  I N  
31 EC 02 OUT 
32 02 T A M  I N  
TEMP PRESS 

























153. 60 .4  0.0 
153. 60.4 0.0 
153. 300.0 0.0 
153. 300.0 0.0 
139. 61.5 0.0 
173. 60.5 0.0 
180. 60.5 0.0 
180. 60.5 0.0 
210. 59.5 0.0 
210. 59.5 0.0 
210. 62.6 0.0 
210. 62.6 0.0 
209. 62.6 0.0 
209. 61.5 0.0 
208. 61.5 0.0 
207. 61.5 0.0 
206. 61.5 0.0 
206. 61.5 0.0 
139. 61.5 0.0 
206. 61.5 0.0 
209. 300.0 0.0 
209. 300.0 0.0 
209. 300.0 0.0 
















0 .0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 .0  
0 . 0  
0 .0  
0 . 0  
0 .0  
0 .0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .0  
0 .0  



























0 . 0  
0 . 0  
0 . 0  
0.0 
0.0 
0 .0  
0 . 0  
N2 
0 . 0  
0 . 0  
0 . 0  
0 .0  
0 . 0  
0 .0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0.0 
0 .0  
0.0 
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
A 
0 . 0  
0.0 
0.0 
0 . 0  
0 .0  
0 . 0  
0 . 0  
0.0 
0 . 0  

















0 . 0  
0.0 
0 . 0  
0 . 0  
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T h e  electrolyzer i n p u t  vo l tage is based on t h e  selection o f  1.515 vo l t /ce l l  elec- 
t r o l y s i s  cel l  operat ing p o i n t  and 1.0-f t2 act ive area cel l .  This selection along w i t h  
t h e  fue l  cel l  opera t ing  p o i n t  t h a t  i s  d ic ta ted  by i t s  power o u t p u t  and vol tage r e -  
quirements resul ts in t h e  55.3'" system ef f ic iency shown i n  Tab le  I X .  Selection of 
h i g h e r  electrolysis cel l  vol tages w i l l  r e s u l t  in lower system e f f i c iency .  Selection o f  
lower cel l  voltages wi l l  n o t  s ign i f i can t ly  improve t h e  system e f f i c iency .  A t  vol tages 
below t h e  thermal n e u t r a l  p o i n t  (approx imate ly  1.48 vo l ts /ce l l )  e lec t r i c  heaters a r e  
r e q u i r e d  t o  p rov ide  t h e  endothermic heat o f  react ion in t h e  e lect ro lys is  cel l .  T h e  
electr ical  energy r e q u i r e d  by these heaters as shown on F i g u r e  38 completely 
of fsets t h e  improvement i n  cel l  e f f ic iency a t  t h e  lower  vol tage. T h e  u n c e r t a i n t y  in 
heat loss (and therefore heater  operat ion)  associated w i t h  EMS operat ion a t  sea level  
prompted t h e  selection of t h e  vo l tage above t h e  thermal  n e u t r a l  p o i n t .  
T h e  e n e r g y  densi ty  of t h e  system shown on Tab le  X i s  less t h a n  t h a t  o f  t h e  
opt imized module presented in F i g u r e  10 because t h e  EMS i s  t o  b e  built w i t h  t h e  cel l  
sizes tha t  a r e  p resent ly  avai lable instead of  opt imized cel l  sizes. 
2. Fuel Cel l  
T h e  fue l  cel l  performance used t o  establ ish t h e  des ign p o i n t  is  t h e  conserva t ive  
equiva lent  o f  t h e  18OOF (82.2OC) space s tat ion RFCS f u e l  cel l  per formance a f t e r  
40,000 h o u r s  of operat ion (discussed. in Section V ) .  T h e  number  o f  cel ls in t h e  
fue l  cel l  stack was establ ished on t h e  basis o f  t h e  minimum o u t p u t  o f  100 vo l ts  a f t e r  
40,000-hours of operat ion.  As s tated above, t h i s  voltage, t h e  power  requ i red ,  and 
t h e  cel l  size (0.5- f t ' )  de f ine  t h e  f u e l  cel l  opera t ing  p o i n t  of 199 amps/f t '  (214 
mA/cmZ 1. 
3. E lect ro lyzer  
T h e  electrolysis cell performance used t o  establ ish t h e  des ign p o i n t  i s  t h e  18OOF 
(82.2OC) cel l  performance discussed in Section V. A s  descr ibed above, t h e  des ign 
opera t ing  point  was selected t o  r e s u l t  i n  a near  maximum system eff ic iency.  For  
purposes o f  th is  s t u d y  t h e  alkal ine e lec t ro lyzer  was assumed. Simi lar  per formance 
and we igh t  would b e  expected f o r  a n  SPE e lect ro lyzer .  
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F i g u r e  38. RFCS Module Heater Requirements 
C .  System Operat ion and Contro i  Logic 
This section i s  a pre l iminary descr ip t ion of t h e  con t ro l  logic and operat ion of t h e  
Space Stat ion RFCS. T h e  EMS wi l l  be funct ional ly  ident ical  t o  t h e  RFCS. 
1 .  Opera t i ng  Modes 
It was a major premise of system design t h a t  each RFCS module should opera te  
completely automatical ly. In o r d e r  to  accomplish t h a t  aim, t h r e e  modes of  opera t ion  
were i den t i f i ed :  
E n e r g y  Storage - T h i s  is t h e  normal, "on-o'rbi t "  mode of operat ion in wh ich  t h e  
RFCS operates a cyc l ica l ly  t o  s tore energy  and t h e n  p roduce  power .  
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Power O n l y  - This i s  a mode o f  operat ion i n  wh ich  o n l y  t h e  f u e l  cel l  p o r t i o n  of t h e  
RFCS i s  used to produce power f r o m  e x t e r n a l l y  suppl ied reactants .  T h i s  m i g h t  
occur  during t h e  cons t ruc t ion  o f  t h e  Space Stat ion o r  d u r i n g  emergency, 
"safe- haven" operat ion.  
Excess Reactants Mode - T h i s  is  a mode of operat ion in wh ich  t h e  RFCS is used t o  
p roduce e x t r a  reactants f o r  use in t h e  l i f e  s u p p o r t  and/or anc i l la ry  p ropu ls ion  
system. A n  external  water  s u p p l y  is  r e q u i r e d .  
' ,  
I n  addi t ion,  t h e r e  were f o u r  opera t ing  phases de f ined wh ich  apply t o  each opera t ing  
mode. These are as fol lows: 
S t a r t u p  
Standby 
Run 
S h u tdowi i  
I 
~ 
Each phase represents a u n i q u e  set  o f  con t ro l  requi rements w h i c h  a r e  discussed 
below. T h e  discussion focuses on  t h e  E n e r g y  Storage mode. T h e  operat ional  
var ia t ions that apply t o  t h e  o t h e r  t w o  modes a r e  t h e n  discussed. 
ENERGY STORAGE MODE 
I n  t h e  Energy  Storage mode, each opera t ing  phase i s  d i v i d e d  i n t o  t w o  per iods  
depending on  solar- exposure:  
Charge per iod d u r i n g  solar exposure  
Discharge per iod  d u r i n g  solar ecl ipse 
Because in space, t h e  RFCS must  d ischarge ( s u p p l y  power)  during t h e  solar ecl ipse 
and charge (receive power)  during per iods o f  solar exposure,  it is  poss ib le  t o  
regulate these cyc l ic  per iods based on solar a r r a y  vo l tage - s w i t c h i n g  t o  t h e  c h a r g e  
per iod  when the solar a r r a y  s u p p l y  vo l tage reaches a predetermined level  a n d  
I 
~ 
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swi tch ing  b a c k  t o  t h e  d ischarge per iod  when that  vo l tage d r o p s  below a prede-  
termined level .  For  t h e  EMS, t h i s  cont ro l  may b e  simulated by v a r y i n g  t h e  supply 
vo l tage w i t h  a t imer .  Such a cyc l i c  p e r i o d  contro l  has  been assumed f o r  t h e  fo l low- 
i n g  discussion. 
S t a r t u p  - T h e  purpose o f  t h e  s t a r t u p  phase o f  opera t ing  is  t o  b r i n g  t h e  RFCS 
module t o  opera t ing  temperature as r a p i d l y  as possible.  During t h e  p e r i o d  o f  solar 
exposure,  t h e  module is powered f r o m  t h e  solar a r r a y  and may charge t h e  reactant  
t a n k s  if needed. D u r i n g  t h e  per iod  o f  solar eclipse, t h e  module can "boot -s t rap"  
i t se l f  w i t h  t h e  fue l  cel l  p r o v i d i n g  a l l  t h e  power  needed t o  bring t h e  module to 
opera t ing  condi t ion.  T h e  detai ls o f  t h i s  phase of operat ion a r e  descr ibed below. 
During t h e  so lar  exposure  p o r t i o n  o f  t h e  cycle, a l l  power is  suppl ied by t h e  solar 
a r r a y ,  and t h e  RFCS operates in t h e  charge per iod .  When t h e  s t a r t  is  in i t ia ted  
pumps PMP-1, PMP-2 and PMP-3 a r e  energized (see F i g u r e  36). With fu l l  coolant 
f low establ ished, ( T C V - 2  fully open) both heaters,  HTR-1 and HTR-2, a r e  ener -  
g ized and power  is  suppl ied t o  t h e  electrolysis cel l  s t a c k .  ,Coo lan t  rec i rcu la t ion  
a r o u n d  t h e  f u e l  cel l  s tack is  minimized (TCV-1  in minimum by-pass  pos i t ion)  a n d  
t h e  in te r face  heat exchanger  is  ful ly by-passed. (TCV-3  in fu l l  by-pass  pos i t ion) .  
Heatup cont inues until t h e  e lect ro lys is  cel l  stack e x i t  temperature,  as  ind ica ted  by 
TE-22, reaches 18OoF(82.2OC). This event  signals " s t a r t  complete" a n d  a l l  con t ro ls  
reset  t o  normal opera t ing  schedules. 
If, d u r i n g  a l i g h t - s i d e  s ta r t ,  p r e s s u r e  in the reactant  s torage t a n k s  indicates tha t  
a fully charged s tate has  been achieved, power t o  t h e  e lect ro lys is  cel l  is  terminated 
but t h e  heatup  cont inues as before.  
D u r i n g  t h e  solar ecl ipse per iod  o f  t h e  cycle a l l  power f o r  t h e  s t a r t  is  supp l ied  by 
t h e  fue l  cel l .  A s t a r t  during t h i s  p e r i o d  m a y  n o t  b e  in i t ia ted  if t h e r e  is  i n s u f f i -  
c ien t  s to red  reactant  gas, t h a t  is, system is n o t  adequately charged.  T h e  minimum 
reactant  p r e s s u r e  for a s t a r t  t o  b e  in i t ia ted  as ind icated by e i t h e r  PT-23 o r  PT-24, 
must  b e  T B D .  When t h e  s t a r t  is in i t ia ted,  t h e  reactant  supp ly  va lves a r e  opened. 
All pumps (PMP-1, PMP-2 and PMP-3) and heaters  (HTR-1 and HTR-2)  a re  t h e n  
powered f r o m  t h e  f u e l  cel l  as t h e  system heats u p .  No ex terna l  load is  appl ied 
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d u r i n g  t h e  s ta r t .  Coolant rec i rcu la t ion  a r o u n d  t h e  f u e l  cel l  s tack is maximized 
( T C V - 1  in maximum by-pass  pos i t ion)  and t h e  in te r face  heat exchanger  is  fully 
by-passed (TCV-3  in f u l l  by -pass  pos i t ion)  unti l  condenser  e x i t  tempera ture  cont ro l  
i s  r e q u i r e d .  The fue l  cel l  heater,  HTR-1,  remains on u n t i l  s tar t -complete.  T h e  
e lect ro lys is  cell heater  fo l lows t h e  normal cont ro l  schedule w i t h  coolant e x i t  tempera- 
t u r e  as indicated by TE-22. When t h e  f u e l  cel l  s tack coolant e x i t  temperature,  as  
ind icated by TE-17, reaches 18OOF [82.2OC), t h e  s t a r t  is  complete a n d  a l l  con t ro ls  
a r e  reset  t o  normal genera t ing  schedules. 
Standby Phase - Standby is  a phase of operat ion in w h i c h  t h e  RFCS module is  a t  
temperature b u t  is n o t  r e q u i r e d  t o  p r o d u c e  any n e t  power .  A module m i g h t  ho ld in 
t h e  standby phase f o r  some t ime a f t e r  a completed s t a r t ,  d u r i n g  t r o u b l e  shoot ing,  
o r  be fore  being shutdown.  S tandby m i g h t  also b e  used f o r  load management, that  
is, reduce t h e  number of  power p r o d u c i n g  modules on  l i n e  d u r i n g  low load per iods .  
Standby D u r i n g  Charge Per iod - Because t h e  o n l y  load on t h e  RFCS module whi le  in 
t h e  standby phase i s  t h e  paras i te  power o f  t h e  heater,  pumps and cont ro ls  in t h e  
module i t se l f  several c h a r g i n g  cycles may b e  by-passed be fore  t h e  module becomes 
su f f i c ien t ly  d ischarged to r e q u i r e  recharg ing .  D u r i n g  s tandby,  t h e  module is n o t  
charged u n t i l  t h e  reactant  t a n k  pressures  f a l l  below T B D  psia.  Thus ,  o r d i n a r i l y ,  
t h e  electrolysis cel l  u n i t  does n o t  operate during each p e r i o d  of solar exposure.  
All pumps a r e  on, a n d  heaters operate as r e q u i r e d  t o  maintain t h e  respect ive s tack 
e x i t  temperature a t  1SOOF (82.2OC). T h e  fue l  cel l  s tack coolant i n l e t  valve, TCV-1,  
modulates t h e  stack coolant by-pass  f low t o  maintain s tack i n l e t  temperature a t  
18OOF (82.2OC). T h e  main coolant t h r o t t l e  valve,  TCV-2 ,  is not modulated and 
remains fu l l  open. Final ly,  t h e  condenser e x i t  tempera ture  c o n t r o l  va lve  modulates 
t o  maintain TCE a t  TBDOF. 
S tandby D u r i n g  Discharqe Per iod - D u r i n g  t h e  d ischarge p e r i o d  t h e  fue l  cel l  u n i t  in 
s tandby  phase suppl ies t h e  paras i te  power f o r  t h e  module and consumes s to red  
reactants in so do ing .  T h e  e lect ro lys is  cel l  unit i s  o f f .  All heaters  and valves 
cont inue t o  control  as p r e v i o u s l y  descr ibed f o r  t h e  standby phase. 
Run Phase - Run is  t h e  normal "on load" phase of operat ion f o r  t h e  RFCS module. 
-70- 
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Run D u r i n q  Charge Period - D u r i n g  s o l a r  exposure,  t h e  electrolysis cel l  receives 
power f rom t h e  solar a r r a y ,  electrolyzes w a t e r  and produces reactant gases a t  
p ressu re .  T h e  fue l  cell i s  o f f .  This is t h e  "charge per iod"  of  t h e  RFCS cyc le.  
A f t e r  f u l l  power is  appl ied t o  t h e  electrolysis cel l  u n i t ,  t h e  electrolysis func t i on  
proceeds u n t i l  t h e  vehic le passes in to  solar ecl ipse o r  u n t i l  t h e  reactant t a n k  p r e s -  
s u r e  reaches T B D  p s i a  ( i nd i ca t i ng  f u l l  charge) wh ichever  occurs  f i r s t .  Th i s  l a t t e r  
may occur  i f  t h e  load on t h e  RFCS d u r i n g  s o l a r  ecl ipse is below rated capaci ty .  All  
pumps a r e  on w i t h  t h e  feedwater pump, PMP-3 r u n n i n g  i n te rm i t ten t l y  in  response t o  
t h e  q u a n t i t y  sensor LVL-4, in  t h e  water feed tank ,  TNK-4 .  T h e  tempera ture  
contro l  valves a re  con t ro l l i ng  except f o r  t h e  fue l  cel l  coolant e x i t  tempera ture  
contro l  valve, TCV-2 ,  which i s  f i x e d  in a f u l l  open posi t ion d u r i n g  t h i s  phase i n  
o r d e r  to  p r o v i d e  f u l l  coolant f low t o  t h e  electrolysis cel l ,  and t h e  condenser  e x i t  
temperature con t ro l  va lve  (TCV-3 )  which allows t h e  tempera ture  t o  increase t o  
TBDOF t o  p r e v e n t  condensation in  t h e  H2 recirculat ion loop. 
Run D u r i n g  D ischarge Period - D u r i n g  solar eclipse, t h e  fue l  cel l  supplies load t o  
t h e  vehic le whi le  us ing  reactants stored prev ious ly  f rom t h e  electrolysis of water,  
and produces water f o r  f u t u r e  electrolysis. T h e  electrolysis cel l  is o f f .  Th i s  is 
t he  "d ischarge per iod"  o f  t h e  RFCS cycle. 
A f t e r  load is  appl ied t o  the  fuel  cel l  un i t ,  power is ava i l ab le  u n t i l  t h e  vehic le 
passes in to  solar exposure, or  u n t i l  t he  reactant t ank  p ressu re  fa l ls t o  T B D  psia 
( i nd i ca t i ng  f u l l  d ischarge)  whichever occurs f i r s t .  T h e  la t te r  migh t  occur i f  a 
g rea te r  than r a t e d  load was imposed on the RFCS o r  t h e  cha rg ing  cycle was, f o r  
some reason, incomplete. A l l  controls funct ion a s  descr ibed f o r  t he  charge pe r iod  
except t h e  fue l  cel l  coolant e x i t  temperature con t ro l  valve, TCV-2,  which operates 
t o  maintain fue l  cel l  stack e x i t  temperature of  TBDOF, and the  H 2  condenser e x i t  
temperature con t ro l  valve, TCV-3 ,  which operates to  maintain t h a t  temperature a t  
TBDOF. 
Shutdown Phase - Shutdown i s  a condit ion of  t h e  RFCS module when no power is 
produced, no electrolysis takes place and t h e  module is not  a t  opera t ing  
temperatu re .  
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The  RFCS module is essential ly o f f  except  f o r  t h e  prov is ions  r e q u i r e d  t o  p r e v e n t  
water  f reez ing .  Th is  is accomplished by main ta in ing  coolant f low (PMP-2 o n )  and  
opera t ing  t h e  heaters  t o  maintain t h e  respec t ive  cell s tack coolant e x i t  temperatures 
of, - 5OoF (10OC). The  paras i te  power  r e q u i r e d  f o r  t h i s  tempera ture  maintenance 
func t ion  is supplied f rom an ex terna l  source. 
POWER ONLY MODE 
Un l i ke  t h e  Energy Storage mode, t h e  Power On ly  mode is independent  o f  t h e  solar 
exposure  cycle because reactants  a re  supp l ied  f rom an ex te rna l  source.  In te r faces  
fo r  t h i s  gas supply  a r e  t h r o u g h  t h e  reac tan t  s torage tanks .  
I n  t h e  Power On ly  mode, all operational phases a re  t h e  same as descr ibed f o r  t h e  
Energy  Storage mode opera t ing  d u r i n g  t h e  d ischarge pe r iod  (so la r  ec l ipse) .  Excess 
water  produced d u r i n g  t h e  operat ion o f  t h e  fue l  cel l  u n i t  mus t  b e  s to red  o r  
d ischarged from t h e  RFCS. T h e  equipment (va lves,  e t c . )  and cont ro ls  r e q u i r e d  f o r  
t h e  ex te rna l  r e a c t a n t  supp ly  a re  no t  p a r t  o f  t h e  RFCS. 
EXCESS REACTANT MODE 
T h e  Reactant on l y  mode, l i k e  t h e  E n e r g y  Storage mode, is dependent on t h e  so lar  
exposure cycle because s o l a r  e n e r g y  is necessary t o  operate t h e  e lect ro lys is  cel l  
u n i t  even though t h e  e x t r a  water  r e q u i r e d  is suppl ied on demand f rom an ex te rna l  
source t o  t h e  RFCS water  s torage t a n k .  
I n  t h e  Excess Reactant mode, all operat ional  phases are  as descr ibed f o r  t h e  cha rge  
pe r iod  o f  t h e  Energy  Storage mode. Ex te rna l  reactant  s torage t a n k s  f rom t h e  RFCS 
are  requ i red .  Gas is s to red  on a cyc l i c  basis, but may b e  w i thd rawn  on any  
requ i red  schedule so long as t h e  s to rage tanks  are  no t  exhausted  below t h e  
p resc r ibed  min imum opera t ing  p ressu re .  
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2.  Component Requirements 
Pre l iminary component requi rements a re  presented in Append ix  B .  These requ i re -  
ments a re  inc luded f o r  fo rmat  o n l y  and are no t  complete since all t h e  opera t i ng  
I 
modes of t h e  EMS could no t  b e  evaluated.  T h e  requiFements- that  a re  p resented  a re  
I f o r  t h e  va lves and t h e  sensors. Also inc luded are  t h e  con t ro l  log ic  ( s ta tus )  and  
cont ro l  schedules. 1 
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VI I .  ENGINEERING MODEL SYSTEh4 DE\’ELOPhlENT PLAN 
A p lan f o r  the design, development, and de l i ve ry  of t h e  10-kW Eng ineer ing  hlodel 
System (EMS) RFCS is shown i n  F igu re  39. T h e  EMS is ready  f o r  de l i ve ry  t o  
NASA approximately t b o  and one ha l f  years  i n to  t h e  program.  
As shown on F igu re  39 t h e r e  at-e seven major ac t i v i t ies  r e q u i r e d  f o r  t h e  develop-  
ment of an EMS. Th is  p lan  is p red ica ted  on t h e  ex is tence o f  two technology 
development programs a t  Un i ted  f o r  fue l  cell, and anc i l la ry  improvement. A 
components technology program w i t h  Johnson Space Center  o f  NASA would p r o v i d e  
an ear ly  screening and evaluation o f  improved anc i l la ry  components f o r  t h e  RFCS. 
T h e  Fuel Cell Technology Advancement Program sponsored by Lewis Research 
Center  o f  NASA would i d e n t i f y  and evaluate t h e  long- l i fe ,  l i gh twe igh t  fue l  cel l  
con f igura t ion  des i red f o r  t h e  Space Station RFCS. 
SYSTEMS AND PERFORMANCE 
ANA L Y SI S 
YEARS 105-60 
84 I708 
F igu re  39. EMS Program Development Schedule 
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Systems and Performance Analysis 
T h e r e  are  t w o  objectives of t h e  w o r k  planned u n d e r  t h i s  a c t i v i t y .  T h e  f i r s t  u n d e r  
Systems Analys is  is t o  optimize t h e  Regenerative Fuel Cell  System Design f o r  Space 
Stat ion.  T h e  second u n d e r  Performance Analys is  is to  evaluate development 
p rogram tes t  resul ts ,  t o  i den t i f y  any component improvements requ i red  t o  meet t h e  
RFCS p rog ram long- l i fe  goal. 
System Analys is  
T h e  impact upon Regenerat ive Fuel Cell System o f  system ef f ic iency,  power level,  
system we igh t  and volume wi l l  be a major fac to r  i n  t h e  des ign o f  t h e  RFCS. T h e  
des ign work ,  t he re fo re  must be  a j o in t  e f fo r t  by t h e  RFCS designer  and t h e  Space 
Station des igne r .  T h e  p r imary  fac to rs  to  be  considered are  ident i f ied  i n  Table NV. 











Re1 ia hi I i ty  a n d Red u n d a n c y  
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T h e  w o r k  under  t h e  ac t i v i t y  wi l l  b e  t o  def ine system design guide l ines and evaluate 
a l te rna te  RFCS designs.  T h e  o u t p u t  of t h i s  e f f o r t  is a system des ign  tab le  wh ich  
inc ludes a mass and energy  balance of t h e  system showing temperatures,  p ressures  
and f lows a t  s ign i f i can t  po ints  w i t h i n  t h e  system. I n  add i t ion  t h e  des ign tab le  
p rov ides  system performance pred ic t ions  and permi ts  t h e  system ana lys t  t o  p r e p a r e  
component design requi rements.  
T h e  su i tab i l i t y  o f  modif ied O r b i t e r  f ue l  cel l  power p l a n t  anc i l la ry  components f o r  use 
i n  t h e  planned ea r l y  demonstrat ion t e s t  of a n  Eng ineer ing  Model System (EMS) wi l l  
b e  determined. An  EMS design tab le  employ ing these modi f ied anc i l la ry  components 
w i l l  b e  prepared.  
Performa nce Ana I ys  i s 
T h e  e f f o r t  under  t h i s  ac t i v i t y  p rov ides  cont inual  evaluation of development p rog ram 
tes t i ng  t o  i den t i f y  any  requ i red  component improvements t o  meet t h e  program long-  
l i fe  goal. 
T e s t  p lans fo r  t h e  experimental un i t s  t o  b e  evaluated u n d e r  t h e  component develop-  
ment, electronic cont ro l  system and fue l  cel l  s tack development ac t i v i t ies  w i l l  b e  
p repared .  As p a r t  o f  t h e  tes t  plan, t es t  data requi rements w i l l  b e  ident i f ied  and 
inst rumentat ion requi rements w i l l  b e  speci f ied.  
Periodic reviews of t h e  tes t  data f rom a l l  exper imenta l  u n i t  t es t i ng  i nc lud ing  t h e  
scheduled checkout tes t i ng  o f  t h e  EMS wi l l  b e  conducted .  Upon completion o f  t h e  
data review, a per formance summary r e p o r t  w i l l  b e  p repared .  
Design and  Design Analys is  
Th is  e f f o r t  includes t h e  prepara t ion  o f  a deta i led system des ign  suppor ted  by 
design analysis and experimental ver i f i ca t ion  of c r i t i ca l  des ign assumptions. T h e  
major o u t p u t  f rom th i s  ac t i v i t y  wi l l  b e  t h e  prepara t ion  o f  deta i led des ign drawings  
f o r  t h e  EMS and t h e  RFCS f o r  t h e  Space Stat ion appl icat ion.  These drawings  w i l l  
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b e  requ i red  f o r  t h e  development and procurement  o f  system anc i l la ry  components, 
and t o r  t h e  taor ica t ion  and f i na l  assembly of t h e  Regenerat ive Fuel Cell System. 
Design analysis s u p p o r t  o f  t h e  component development act iv i t ies  w i l l  be  p r o v i d e d .  
Detai led calculat ions t o  i den t i f y  system heat losses and loop p ressu re  losses w i l l  b e  
conducted.  Design ver i f i ca t ion  o f  vendor  suppl ied reactant  and water  s torage tanks  
f o r  t h e  EklS w i l l  b e  conducted.  
A detai led analysis o f  t h e  Regenerative Fuel Cell  System and subsystem components 
w i l l  be  conducted t o  i nsu re  t h e  des ign which is to le ran t  t o  t h e  launch and space 
env i ronment .  T h i s  s t u d y  w i l l  determine t h e  impact o f  launch accelerat ion and 
v ib ra t i on  upon t h e  system. I n  addi t ion the a f fec t  of opera t ing  i n  a space vacuum 
wi l l  b e  evaluated. 
Component Development 
T h i s  e f f o r t  w i l l  r esu l t  i n  t h e  preparation o f  component designs and purchase 
specif icat ions based upon t h e  component design requi rements generated u n d e r  t h e  
systems analysis a c t i v i t y .  An improved "Orb i te r - t ype"  hyd rogen  rec i rcu la t ion  pump 
and a long- l i fe  cyc l ica l  water  pump wi l l  b e  evaluated.  T h e  component development 
schedule is p resented  in F igu re  40. 
T h e  major ac t i v i t ies  u n d e r  t h e  e f f o r t  wi l l  b e  t h e  tes t  evaluation o f  an improved 
hyd rogen  pump, water  t r a n s f e r  pump and qual i f icat ion tes t i ng  o f  purchased compo- 
nents  f o r  t h e  EMS. 
T h e  approach t o  t h e  development of t h e  hydrogen pump, w i l l  focus upon improv ing  
t h e  ex i s t i ng  pump as d iscussed i n  Section V, C .  T h e  approach t o  t h e  water  
t r a n s f e r  pump wi l l  b e  to s u r v e y  supp l ie r  designs and select t h e  bes t  con f igu ra t i on  
f o r  long- l i fe .  A l ong- te rm endurance test o f  bo th  t h e  hyd rogen  pump and water  
t r a n s f e r  pump wi l l  b e  conducted.  
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F igu re  40. EMS Program Component Development Schedule 
Al l  d e l i v e r y  anc i l lary  components w i l l  b e  tes ted  p r i o r  t o  insta l la t ion i n to  t h e  EMS. 
An  improved O r b i t e r  h y d r o g e n  pump and  a long- l i fe  cyc l ica l  wa te r  pump wi l l  b e  
avai lable f o r  use i n  t h e  EMS. T h e  long- l i fe  demonstrat ion tes t  o f  these two  
anc i l lary  components s ta r ts  i n  t h e  second yea r  o f  t h e  p rog ram.  
Elect ron ic  Control System 
T h e  Regenerative Fuel Cell  System wi l l  incorpora te  an E lec t ron ic  Cont ro l  System 
(ECS) which w i l l  con t ro l  t h e  overa l l  operat ion of t h e  RFCS. T h e  cont ro l  concept  
wi l l  b e  t o  p r o v i d e  automatic s t a r t u p  f rom a Space Station in i t ia ted  signal, 
autonomous operation and a fa i l -sa fe  shutdown upon rece ip t  of a Space- Stat ion 
generated signal. T h e  ECS w i l l  b e  capable of t ransmi t t i ng  performance in format ion 
f o r  crew moni tor ing o f  RFCS operat ion and alarm signals when specif ied cont ro l  
parameters a r e  exceeded, 
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Th is  e f f o r t  w i l l  cons is t  o f  de f i n ing  ECS design requi rements,  p r e p a r i n g  a purchase 
specif icat ion and canvass ing potent ia l  suppl iers .  Upon selection o f  a supp l ie r ,  a 
p r e - p r o t o t y p e  cont ro l  system wi l l  b e  designed and fabr ica ted .  Evaluation of t h e  
p r e - p r o t o t y p e  u n i t  a t  Un i ted  w i l l  p rov ide  t e s t  d a t a  t o  he lp i den t i f y  any modif icat ions I 
t r equ i red  i n  t h e  ECS cont ro l  logic. A pro to type  ECS u n i t  w i l l  be  cons t ruc ted  f o r  
1 
t h e  EMS. T h i s  ECS wi l l  be  tested b y  the  supp l i e r  p r i o r  t o  insta l la t ion i n to  t h e  
EMS. 
I 
Fuel Cell Stack Deveiopment 
T h e  fue l  cel l  s tack f o r  t h e  EMS wi l l  be cons t ruc ted  w i th  cells incorpora t ing  long-  
l i fe ,  l i gh twe igh t  components ident i f ied  under  t h e  NASA-Lewis sponsored fue l  cell 
technology advancement p rogram.  Under  th i s  technology program, advanced fue l  
cells i nco rpo ra t i ng  l igh twe igh t  cooler assemblies and g r a p h i t e  e lec t ro ly te  rese rvo i r  
plates, s tab le long- l i fe  cel l  edge frames and bonded potassium t i tanate  matrices a r e  
be ing  evaluated. Based upon these screening evaluation tests ,  a cell con f i gu ra -  
t i o n ( s )  f o r  t h e  EMS stack w i l l  b e  selected. T h e  long- l i fe  potent ia l  o f  t h e  improved 
a lka l ine fue l  cel l  w i l l  b e  demonstrated u n d e r  t h e  Lewis technology program.  
T h e  EMS p rog ram fue l  cel l  s tack development schedule is p resented  on F igu re  31. 
T h e  s ign i f i can t  cel l  s tack tes ts  scheduled u n d e r  t h e  fue l  cel l  technology advance- 
ment p rog ram are  shown i n  o r d e r  t o  ident i f y  milestones f o r  t h e  de f in i t ion  o f  EhlS 
s tack cell con f igura t ion .  
T h e  EMS f u e l  cell s tack development e f fo r t  w i l l  inc lude per formance and endurance 
t e s t i n g  o f  p roduc t i on  development mult i-cel l  s tacks and a fu l l -s ize  EMS p r o t o t y p e  
s tack.  T h e  f ina l  a c t i v i t y  w i l l  b e  t o  cons t ruc t  and checkout  tes t  a fu l l -s ize  fue l  cel l  
s tack f o r  t h e  EMS. 
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FUEL CELL TECHNOLOGY ADVANCEMENT PROGRAM 
- COMPLETE CURRENT TECHNOLOGY 20,000 
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F igure  i l l .  EMS Program Fuel Cell  Stack Development Schedule 
T h e  pu rpose  o f  t h e  produc t ion  development s tacks is t o  evaluate t h e  cel l  p e r f o r -  
mance and endurance rep roduc ib i l i t y  o f  p roduc t i on  cel ls. Cell  manu fac tu r ing  tech -  
niques and stack assembly p rocedures  w i l l  have t o  b e  developed f o r  t h e  advanced 
cell con f igura t ion  t o  b e  used i n  t h e  EMS p rog ram.  I n  addi t ion,  a la rge  q u a n t i t y  o f  
cells w i l l  b e  needed, r e q u i r i n g  t h a t  cel l  p roduc t i on  capab i l i t y  b e  increased, wh ich  
would b e  accomplished by sca l ing-up  p resen t  small lo t  cel l  manufac tur ing  tech -  
n iques.  
P r io r  t o  t h e  fabr icat ion and checkout  tes t  o f  t h e  EMS stack, a p r o t o t y p e  EMS s tack  
wi l l  b e  cons t ruc ted  and endurance tested.  T h e  pu rpose  o f  t h e  p r o t o t y p e  s tack w i l l  
be  t o  v e r i f y  stack assembly methods and i n t e g r i t y  and  generate fue l  cell endurance 
data on a fu l l -s ize EMS s tack .  
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Elect ro lvzer  Cell Stack Develorment 
T h e  Regenerat ive Fuel Cell System design incorporates an a lka l ine e lec t ro ly te  fue l  
cell and  w i l l  b e  compatible w i t h  a water  e lect ro lyzer  based upon e i the r  a lka l ine 
e lec t ro ly te  o r  sol id po lymer e lec t ro ly te  technology. 
T h e  in i t ia l  e f f o r t  u n d e r  t h i s  ac t i v i t y  w i l l  focus upon prepara t ion  o f  an e lec t ro lyzer  
s tack purchase specif icat ion and s u r v e y i n g  potential supp l ie rs .  
T h e  e lect ro lys is  cell s tack development program wi l l  be  conducted  by t h e  supp l ie r  
w i t h  p ro jec t  coord inat ion p rov ided  by Uni ted.  T h e  e lec t ro lyzer  p rog ram is an t ic -  
i pa ted  t o  fol low a similar development approach as ou t l ined  u n d e r  fue l  cel l  s tack 
development. A p r o t o t y p e  e lect ro lys is  cell s tack w i l l  b e  cons t ruc ted  and endurance 
tested t o  demonstrate stack s t r u c t u r a l  i n teg r i t y  and long- te rm per formance s t a b i l i t y .  
An EMS e lect ro lys is  cell s tack w i l l  b e  fabr icated and tes ted  by t h e  supp l i e r  t o  an 
acceptance tes t  p rocedure  ident i f ied  i n  the  purchase specif icat ion. Upon completing 
t h e  acceptance test ,  t h e  s tack w i l l  b e  del ivered t o  Un i ted  f o r  in tegra t ion  i n to  t h e  
EMS. 
EMS Demonstrat ion U n i t  
T h e  f ina l  activity u n d e r  t h e  program wi l l  be  t h e  cons t ruc t ion  and assembly o f  an 
Eng ineer ing  Model System (EMS).  T h i s  system wi l l  incorpora te  a fue l  cell s tack 
developed u n d e r  t h e  program by Un i ted  and an e lect ro lys is  cell s tack developed by 
a supp l ie r .  
T h e  EMS u n i t  schedule i s  shown i n  F igure  42. T h e  schedule shows t h a t  one yea r  
w i l l  b e  requ i red  t o  p r o c u r e  system components, fabr ica te  and assemble t h e  u n i t .  A t  
t h e  s t a r t  o f  t h e  second year  o f  t h e  program, t h e  EMS u n i t  w i l l  b e  avai lable f o r  
t es t i ng .  
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A two-month test  of t h e  EhlS wi l l  be  conducted a t  Un i ted .  T h e  system in tegra t ion  
tes t  w i l l  b e  conducted a t  RFCS design condi t ions t o  demonstrate system e f f i c iency ,  
t rans ien t  load capab i l i t y  and t roub le - f ree  operat ion.  A to ta l  of 1000 cycles of 
Regenerat ive Fuel Cell  Operat ion w i l l  b e  completed d u r i n g  t h e  operational t es t .  
Upon completion o f  t h e  Un i ted  tes t  p rogram t h e  EMS wi l l  b e  de l i vered  t o  N A S A  
EMS A T  UNITED TESTING 






F igu re  42. EMS Demonstrat ion U n i t  Schedule 
APPENDIX A 
SYSTEM CONCEPTS 




Th is  section describes t h e  evolut ion of t h e  basel ine regenera t ive  fue l  cel l  system 
descr ibed i n  t h i s  repo r t .  In i t ia l l y ,  several system opt ions were  evaluated against  
such character is t ics  as weight ,  volume, complexity, development r i s k ,  re l i ab i l i t y  and  
cost. From t h a t  g roup,  two systems were selected f o r  f u r t h e r  considerat ion.  
These are  shown i n  F igures 43, 44, and  35. 
T h e  system shown i n  F igures 43 and 44 represents  t h e  most s t r a i g h t f o r w a r d  
poss ib le  in tegra t ion  o f  a fue l  cel l  power p lant  and a n  e lect ro lyzer  w i t h  p rov is ions  
f o r  t h e  cyc l i c  s torage o f  gaseous and l iqu id  reactants  and t h e  capab i l i t y  o f  thermal  
in tegra t ion .  Fur thermore,  i t  represents ,  i n  e v e r y  respect ,  p roven  techno logy .  
Basical ly, it consists o f  a fue l  cel l  o f  t h e  Orb i te r  t ype ,  and an e lect ro lyzer  u n i t  of 
e i ther  t h e  a lka l ine s ta t i c  feed t y p e  o r  acid so l id  po lymer e lec t ro ly te  t y p e .  These 
are  connected together  v ia  p ressur ized  storage tankage f o r  t h e  reactant  gases 
p roduced  by t h e  e lect ro lyzer  and water  storage tankage f o r  reactant  water  p roduced  
by t h e  fue l  cel l .  Each u n i t  has i t s  own  coolant loop and in te r face  heat exchanger  
t o  permi t  re jec t ing  waste heat t o  t h e  spacecraft coolant loop. An i n t e r - u n i t  heat 
exchanger ,  in  communication w i th  b o t h  coolant loops, permi ts  heat exchange between 
t h e  fue l  cel l  u n i t  and e lec t ro lyzer  u n i t .  
T h e  advantages a t t r i b u t e d  t o  t h i s  system are  low development r i sk ,  h igh  p e r f o r -  
mance confidence, easy resupp ly  of l os t  reactants and a substant ia l  data base. 
T h e  system shown in F i g u r e  45 represents  a n  advanced concept deemed w o r t h y  o f  
f u r t h e r  development f o r  space s tat ion type missions. I t  s t i l l  re ta ins separate fue l  
cel l  and  e lect ro lys is  cel l  stacks, b u t  t h e y  are much more closely in tegra ted  and  t h e  
number o f  requ i red  components i s  reduced.  
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F igu re  43. Regenerable Fuel Cell  - Baseline Sys tem 
With A lka l ine  E lec t ro lyzer  
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Figure 44. Regenerable Fuel Cell  - Baseline System 
With Acid Ion Exchange Membrane Elect ro lyzer  
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Figure 45. Regenerable Fuel Cell  - Advanced, Simpli f ied System 
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In t h i s  concept, a common rec i r cu la t i ng  hyd rogen  loop w i t h  a b lower  passes a 
constant  f low of hyd rogen  t h r o u g h  each cell s tack.  Water p roduced i n  t h e  fue l  cel l  
d u r i n g  d ischarge is d i s t r i b u t e d  by t h e  f lowing hyd rogen  and s to red  i n  porous  
rese rvo i r  plates i n  each s tack .  Reactant gases are  p r o v i d e d  f r o m  a d u a l - f l u i d  
accumulator which communicates w i t h  t h e  hyd rogen  rec i rcu la t ion  loop on one s ide 
and a common oxygen l ine  between t h e  two cel l  stacks on t h e  o t h e r  s ide.  A s  
reactants  a re  consumed in t h e  fue l  cel l  stack, t h e  gas p ressu re  i n  bo th  s tacks,  
accumulator and connect ing l ines d rops .  
D u r i n g  charge,  water  s to red  i n  each cel l  s tack is e lect ro lyzed w i t h  t h e  t r a n s f e r  
f rom t h e  fue l  cell stack t o  t h e  electrolysis cell s tack be ing  accomplished by t h e  
rec i r cu la t i ng  hydrogen stream. T h e  gases produced i n  t h e  e lec t ro lyzer  a re  s to red  
i n  t h e  accumulator, cel l  stacks and p ip ing  causing t h e  to ta l  system p ressu re  t o  
r i se .  Thus ,  d u r i n g  t h e  cyc l i c  operat ion of t h i s  system, t h e  to ta l  system p ressu re  
r ises and fa l ls  while t h e  amount o f  water  stored w i th in  t h e  cells fal ls and r ises.  
T h e  cel l  s tacks are  cooled o r  heated, as requ i red ,  by means o f  a common coolant 
loop t h a t  passes f i r s t  t h r o u g h  t h e  fue l  cell stack, t hen  t h e  e lect ro lys is  cell s tack 
and, f i na l l y  t h r o u g h  an in te r face  heat exchanger where  waste heat is re jected t o  
t h e  spacecraf t  coolant loop. A bypass around t h e  in te r face  heat exchanger  and  an 
e lec t r i c  heater  in t h e  coolant l ine  prov ide  t h e  means o f  heat ing t h e  cel l  s tacks 
d u r i n g  s t a r t u p  and low load periods, Coolant loop p ressu re  is re fe renced t o  t h e  
system p ressu re  t h r o u g h  t h e  accumulator. 
T h i s  system requ i res  s ign i f i can t  des ign  modifications t o  t h e  fue l  cel l  s tack and 
e lect ro lys is  cel l  stack t o  accommodate t h e  variable p ressu re  operat ion and in t ra -ce l l  
water  s torage associated w i t h  t h i s  concept. 
System s impl ic i ty  is t h e  major advantage of fered by t h i s  concept, but  i t  also shou ld  
p r o v i d e  a s ign i f i can t  re l iab i l i t y  improvement and may p r o v i d e  lower  we igh t .  T h e  
p r inc ip le  d isadvantage appears t o  b e  h igher  development r i s k  and t h e  lack o f  a 
s ign i f i can t  data base. 
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T h e  f i r s t  of these two  systems that was chosen as t h e  pre l im inary  basel ine and  
subjected t o  f u r t h e r  analys is .  I n  pa r t i cu la r ,  t h e  methods o f  managing t h e  fue l  cel l  
p r o d u c t  water and the methods o f  managing t h e  e lect ro lys is  cel l  p r o d u c t  gases were 
s tud ied  i n  considerable deta i l  and  t h e  resu l ts  o f  those s tud ies incorpora ted  i n  t h e  
basel ine design. These s tud ies are  presented  below. 
A .  Management of Fuel Cell P roduc t  Water 
This  section summarizes t h e  resu l t s  o f  a s t u d y  o f  t h e  management of fue l  cel l  p r o -  





Methods of condensing t h e  p r o d u c t  water .  
Methods o f  p r e v e n t i n g  t h e  evolut ion o f  H, f rom t h e  p r o d u c t  water .  
Methods of p r o d u c t  water  s torage i n  zero-G.  
Methods of p r o d u c t  water  separation f rom H, c a r r i e r  gas.  
Methods o f  Condensing Fuel Cell  Produc t  Water - Fuel cel l  p r o d u c t  water  i s  removed 
f rom t h e  cells in  vapor  fo rm and  t h i s  vapor  mus t  b e  condensed f o r  e f f i c ien t  s torage 
i n  a regenerat ive system. T h e  removal o f  t h e  vapor  f rom t h e  cells can occu r  i n  one 
of two ways depending on t h e  cel l  des ign:  in a convent jonal  design, it is removed 
v ia  a c i rcu la t ing  hyd rogen  c a r r i e r  gas; in t h e  pass ive water  removal des ign,  t h e  
vapor  is removed d i r e c t l y  f rom a low p ressu re  c a v i t y  w i t h i n  t h e  ce l l .  
A l though condensation of t h e  p r o d u c t  water  vapor  i n  b o t h  cases invo lves a heat  
exchanger ,  it is  t h e  des ign of t h e  heat exchanger  and n a t u r e  o f  t h e  condensation 
process t h a t  is of in te res t .  
I n  systems u t i l i z ing  a c a r r i e r  gas, t h e  condenser, even in zero-g, can b e  o f  a 
re la t i ve ly  conventional des ign .  F u r t h e r ,  it can b e  re la t i ve l y  l i gh twe igh t  because i t  
is r e q u i r e d  to func t i on  on ly  as a condenser, and i t  r equ i res  l i t t l e  o r  no mainte- 
nance. T h e  location of t h e  condensed water  in zero-g  is con t ro l led  by t h e  f low o f  
t h e  c a r r i e r  gas which sweeps i t  o u t  o f  t h e  condenser i n t o  t h e  e x i t  p i p i n g  f rom 
where  i t  can b e  removed f rom t h e  c a r r i e r  gas i n  a separate dev ice as is done, f o r  
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example, i n  t h e  O r b i t e r  fue l  cel l  power p lant .  T h e  subject  o f  water  vapor  sepa- 
ra t ion  w i l l  b e  discussed la te r .  F igu re  46 depicts t h i s  t y p e  of simple condenser .  
105- 30 
F igu re  46. Condenser 
I n  pass ive water  removal systems, t h e  condenser must  p r o v i d e  zero-g  l i qu id / vapor  
in te r face  cont ro l  as well as t h e  means for condensation. Th is  in te r face  cont ro l  is 
genera l ly  p r o v i d e d  by u t i l i z i ng  capi l lary  forces as i n  a w ick  o r  porous metal p la te .  
These w i c k i n g  surfaces must  b e  placed a t  o r  near  t h e  condensation sites and so  
must b e  an i n teg ra l  p a r t  o f  t h e  condenser. T h i s  causes such a condenser t o  b e  
b o t h  heavier  and more cos t l y .  Fur thermore,  it may requ i re  s ign i f i can t  maintenance 
because t h e  cap i l la ry  surfaces t e n d  t o  plug. T h i s  t y p e  of condenser i s  shown i n  
F igu re  47. 
I t  is  c lear  t h a t  t h e  t y p e  o f  condenser used is dependent on t h e  cel l  des ign used.  
Since Un i ted  believes t h a t  t h e  passive water removal des ign is an unproven  tech -  
nology f o r  re la t i ve ly  near  terms applications, t h e  fue l  cell des ign f o r  a regenera t ive  
system wi l l  employ an H, c a r r i e r  gas f o r  water removal and, therefore,  w i l l  use a 
conventional condenser des ign .  
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F i g u r e  47. Stat ic  Condenser 
I 05-3  1 
Methods o f  El iminating Dissolved H, Evo lu t ion  f rom Produc t  Waters - Water, i n  t h e  
fue l  cell, i s  p roduced and condensed i n  t h e  presence o f  hyd rogen  gas and ex i t s  t h e  
condenser saturated w i t h  h y d r o g e n  a t  a to ta l  p ressu re  o f  approx imate ly  60 psia 
(31.4 N/cmZ) .  A s  t h e  p r o d u c t  water  passes f i r s t  t o  t h e  water  s torage tank  and  
t h e n  t h r o u g h  t h e  pump t o  t h e  e lect ro lys is  cel l  d isso lved hyd rogen  may b e  evolved 
a t  any  location where  t h e  p r e s s u r e  fa l ls  below 60 ps ia (41.4 N /cm2) .  I n  add i t ion ,  
and more impor tant ly ,  when t h e  hyd rogen  laden water  en ters  t h e  e lect ro lys is  cel l  
water  cav i t y ,  it mixes w i t h  t h e  e lec t ro ly te  and, in t h e  presence of KOH, loses some 
o f  i t s  hydrogen so lub i l i t y  a l lowing gaseous h y d r o g e n  t o  b e  evolved in t h e  wa te r  
c a v i t y .  Because t h e  amount of KOH p resen t  i n  t h e  water  c a v i t y  is f i xed ,  t h e  
ex is tence o f  hydrogen gas i n  t h e  c a v i t y  reduces t h e  amount o f  water  mixed w i t h  t h e  
KOH and, hence, raises t h e  e lec t ro ly te  concent ra t ion .  Eventua l l y ,  t h i s  process 
could dry  the cel l  o u t  su f f i c i en t l y  t o  allow c ross-over  and  cel l  f a i l u re .  Thus ,  it is  
necessary to  remove the  d isso lved hyd rogen  be fore  it en ters  t h e  e lect ro lys is  cel l  o r  
t o  impose condit ions which p r e v e n t  i t s  evo lu t ion .  
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F igures 48 and 19 show t h e  re la t ionship of tempera ture  and p ressu re  on h y d r o g e n  
so lub i l i t y  i n  water .  Between about  100°F (378.8OC) and 3 O O O F  (148.0°C) tem- 
pe ra tu re  has l i t t l e  e f fec t  b u t  t he  p ressu re  effect is  near ly  l inear .  From th i s ,  i t  is 
conc luded t h a t  tempera ture  var ia t ions i n  the system may b e  ignored,  b u t  p r e s s u r e  
var ia t ions w i l l  impact t h e  ex ten t  of hydrogen evolut ion i n  p ropor t i on  t o  the  loss o f  
p ressure .  Since t h e r e  is a general increase i n  water  p ressu re  f rom t h e  fue l  cel l  t o  
e lect ro lys is  cell, hyd rogen  evolut ion due to  p ressu re  losses wou ld  occu r  on ly  loca l ly  
upst ream of t h e  pump.  T h e  water  storage t a n k  and pump in le t  a re  possible loca- 
t ions f o r  H, evolut ion.  Evolved H, may b e  vented  ( t o  space) f rom t h e  wa te r  
s torage t a n k  should any  col lect there,  and t h e  H, evolved i n  t h e  p i p i n g  o r  pump 
wi l l  b e  red isso lved as i t  en ters  t h e  h i g h  pressure reg ion downstream of t h e  pump.  
Thus ,  t h e r e  is no real problem imposed b y  t h e  d isso lved H, i n  t h e  tank  and p i p i n g  
except  f o r  a potent ia l  f o r  s l i gh t  cav i ta t ion a t  t h e  water  pump in le t  o r  a small loss o f  
H, f rom t h e  t a n k .  Nevertheless, t h e r e  are methods o f  reduc ing  the  amount o f  
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F i g u r e  48. Solub i l i t y  of Hydrogen in Water w i t h  V a r y i n g  Tempera ture  
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Figure 49. Solub i l i ty  of  Hydrogen in  Water w i t h  V a r y i n g  Pressure 
F i g u r e  50 shows t h e  hydrogen so lub i l i ty  l imi t  in t h e  e lect ro lys is  cel l  water c a v i t y .  
I n  t h i s  f i g u r e  it is p resented  as t h e  to ta l  p r e s s u r e  f o r  d isso lved H 2  equ i l i b r i um i n  a 
KOH electrolyte as a f unc t i on  of  e lect ro ly te  concentrat ion.  Operat ion above t h e  l ine 
implies no hydrogen evolved whi le  operat ion below t h e  l ine  would resu l t  in  some 
hyd rogen  evolut ion. For a n  electrolysis cel l  w i t h  an e lec t ro l y te  concentrat ion o f  25% 
w g t  KOH, a n  electrolysis cel l  p ressu re  of 300 p s i a  .(206.8 N/cm2) o r  above wi l l  
guarantee that no hydrogen evolut ion wi l l  occur  f rom p r o d u c t  water  suppl ied f rom a 
fue l  cel l  operat ing a t  60 psia (41 .4  N / c m 2 )  and 140OF (6OOCl. I f  t he  opera t ing  
Power Systems Div is ion FC R - G138 
tempera ture  o f  t h e  fue l  cell is  18OOF (82.2OC1, t h e  r e q u i r e d  p ressu re  t o  avo id  
hyd rogen  evolut ion actual ly  d rops  s l i gh t l y  to  about  275 psia (189.6 N /cm2) .  Since 
h i g h  e lect ro lys is  p ressu re  is des i rab le also f o r  e f f i c i en t  volume storage o f  t h e  
p r o d u c t  reac tan t  gases, hyd rogen  evolut ion in  t h e  e lect ro lys is  cell is  no t  v iewed as 
a problem p r o v i d e d  that  t h e  e lect ro lys is  cell is operated a t  300 psia (206.8 N/cm2)  
o r  above. In  t h e  remainder o f  t h i s  s tudy ,  a 300 psia e lect ro lys is  cel l  p ressu re  was 
assumed. 
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T h e r e  are, however, two potent ia l  methods o f  removing d isso lved hyd rogen  f rom t h e  
fue l  cel l  p roduc t  water  should t h a t  act ion appear des i rab le.  T h e  f i r s t  o f  these i s  a 
non- thermal ,  stat ic degasi f ier  employ ing hyd roph i l l i c  and  hyd rophob ic  screens t o  
separate hydrogen evolved by v i r t u e  o f  a reduced p ressu re  on t h e  wa te r .  Such a 
degas i f ie r  would be  located a t  t h e  lowest p r e s s u r e  p o i n t  i n  t h e  p i p i n g  o r  a t  o t h e r  
locations such as tanks,  where  t h e  hyd rogen  m igh t  t e n d  t o  co l lect .  
A par t i cu la r  con f igura t ion  of t h i s  degas i f ie r  is shown i n  F igu re  51. Water and 
evolved hydrogen bubbles wou ld  en te r  t h e  dev ice and pass t h r o u g h  a p a r t i c u l a r  
f i l t e r  inc luded t o  p ro tec t  t h e  downsteam hyd roph i l l i c  screens.  T h e  wa te r  wou ld  
then  pass out  of t h e  dev ice t h r o u g h  a hyd roph i l l i c  screen of a su f f i c i en t l y  small 
mesh t o  t r a p  t h e  hyd rogen  bubbles on t h e  upstream s ide.  T h e  hyd rogen  bubb les  
wou ld  remain in t h i s  space un t i l ,  somewhat randomly,  t h e y  reached t h e  reg ion 
where  t h e  hydrophobic  screen was located. T h i s  screen wou ld  have a h i g h  enough 
b u b b l e  po in t  to  p r e v e n t  water  f low,  b u t  would allow t h e  gas t o  escape read i l y .  T h e  
removed hydrogen could then b e  pumped back  i n t o  t h e  hyd rogen  storage t a n k  o r  
dumped overboard.  Such a dev ice is simple, has no mov ing  p a r t s  and imposes no 
thermal  requirements. 
T h e  second method of removing hyd rogen  is  w i t h  a steam degas i f ie r .  This process 
invo lves heating t h e  p r o d u c t  water  t o  t h e  bo i l i ng  p o i n t  and a l lowing a v e r y  small 
amount o f  the steam escape ( t o  space). With steam wi l l  go  a la rge  q u a n t i t y  o f  t h e  
d isso lved hydrogen p r o v i d i n g  more than ample marg in .  F i g u r e  52 shows a schematic 
of t h e  arrangement u t i l i z i ng  a regenera t ive  heat exchanger  and an e lect r ica l  heater .  
F i g u r e  53 shows t h e  degasif icat ion thermal  requi rements t o  p r e v e n t  hyd rogen  
evo lu t ion  i n  the  e lect ro lys is  cel l  as a func t i on  o f  e lect ro lys is  cel l  opera t ing  p ressu re  
and p r o d u c t  water temperature.  I t  was assumed t h a t  above 300 psia (206.8 N/cm2) ,  
no degasif icat ion is requ i red .  A l though t h i s  process p rov ides  pos i t i ve  h y d r o g e n  
removal, it i s  thermal ly  wastefu l  i n  sp i te  o f  t h e  regenera tor  and adds s ign i f i can t  
complex i ty  t o  t h e  system. 
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HYDROPHOBIC SCREEN 
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F igu re  51. Stat ic  Deaerator 
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F igu re  5 2 .  Steam Degasifier Schematic 
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F igu re  53. Steam Degasi f ier  Thermal Requirements 
T h i s  study resulted i n  t h e  decision t o  handle t h e  problem o f  hyd rogen  evolut ion i n  
t h e  electrolysis cel l  by opera t i ng  t h e  e lect ro lys is  cel l  a t  300 ps ia (206.8 N/’cmZ) o r  
above. Hydrogen evolut ion i n  t h e  p i p i n g  is no t  v iewed as su f f i c i en t l y  serious t o  
w a r r a n t  t h e  use of special removal devices t o  p r e v e n t  i t .  
Produc t  l v a t e r  Storage - A requ i rement  of t h e  p r o d u c t  water  s torage equipment i s  
t h a t  it be  able t o  de l i ver  a un i form,  gas- f ree,  s u p p l y  o f  l i q u i d  water  t o  t h e  
e lect ro lys is  cell. T h i s  means t h a t  t h e  s torage t a n k  must  b e  able t o  pos i t i ve ly  locate 
t h e  water  contiguous w i t h  t h e  e x i t  p o r t  a t  a l l  t imes. 
T h e r e  are  two basic methods o f  accomplishing t h i s  i n  zero-g .  T h e  f i r s t  is  t o  em- 
p loy  a storage t a n k  wh ich  is f i t t e d  w i t h  a f lex ib le  b ladder .  T h e  water  is s to red  on 
one s ide of the b ladder  whi le  a p ressu r i z ing  gas o r  a s p r i n g  exe r t s  a s teady fo rce  
on t h e  opposite side. A s  water  en ters  o r  leaves t h e  t a n k ,  t h e  b ladder  expands o r  
collapses t o  accommodate t h e  change i n  volume and also holds t h e  water ,  of what -  
eve r  quant i t y ,  i n  contact  w i t h  t h e  e x i t  p o r t .  Such an ar rangement  is depic ted i n  
F igu re  54. 
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WATER t IN  AND OUT F i g u r e  54. B ladder  Tank 
Bladder  t a n k s  have been used on previous space missions and p r o v i d e  pos i t i ve  
pos i t ion ing  a n d  expuls ion of t h e  s to red  material. T h e y  also p r o v i d e  t h e  means 
(b ladder  posi t ion) f o r  accurate s tored quan t i t y  sensing. Most o f  t h e  problems w i t h  
b ladder  t a n k s  l ie  w i t h  t h e  b ladder  i t se l f .  Cont inuous f l e x i n g  o f  t h e  b ladder  rnate- 
r ia l  leads t o  poor l i f e  charac ter is t i cs  a n d  bladder fa i lu res  a r e  d i f f i c u l t  t o  detect  and 
c o r r e c t  in zero-g.  
1 T h e  second t y p e  o f  wa te r  storage t a n k  relies on  sur face tension e f fec ts  ( cap i l l a ry  
forces) f o r  l iquid pos i t ion ing .  One conf igurat ion f o r  t h i s  t y p e  of tank is shown in 
F i g u r e  55. Here, a t a n k  w i t h  a conical cross-section a t  t h e  e x i t  p o r t  i s  f i l l ed  w i t h  
conical ba f f les  such t h a t  t h e  space between t h e  ba f f les  decreases as t h e  e x i t  p o r t  is 
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approached.  Water en t ra ined between t h e  ba f f les  w i l l  tend,  due  t o  sur face  tens ion,  
t o  f i l l  t h e  smaller spaces and t h u s  w i l l  b e  moved t o  and he ld  i n  p rox im i t y  t o  t h e  
e x i t  p o r t .  A hydroph i l l i c  screen of a p r o p e r  mesh size wou ld  p r o v i d e  a seal against  
t h e  passage of evolved gases i n t o  t h e  water  p ip ing ,  and  a hyd rophob ic  screen 
opposi te  t h e  e x i t  p o r t  wou ld  allow evo lved gases t o  escape whi le  re ta in ing  
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F igu re  55. Bladderless Tank 
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the  water .  A va r ian t  o f  t h i s  des ign could employ w ick ing  whose po re  size de-  
creases toward  t h e  e x i t  p o r t  t o  accomplish t h e  same pu rpose .  T h e  opera t ing  l i fe  of 
t h e  tank  could be  l imi ted by p l u g g i n g  o f  t he  small pores  w i t h i n  t h e  w i c k .  
Bladderless tanks  have no t  been p roven  in  space a l though t h e r e  does no t  appear t o  
b e  . a n y  fundamental reason w h y  t h e y  would b e  unsui tab le.  Rel iab i l i ty  shou ld  b e  
high, but accurate q u a n t i t y  sens ing m i g h t  p rove  difficult. 
Both  types  o f  water  s torage tank  can b e  seriously considered f o r  t h i s  appl icat ion.  
T h e  choice depends as much on t h e  par t i cu la r  con f igura t ion  of t h e  system as on 
cost o r  development fac to rs .  For  example, e i t he r  t y p e  may b e  used i n  a system 
hav ing  a r o t a r y  water  separator  t h a t  del ivers t h e  water  t o  t h e  t a n k  a t  a pos i t i ve  
head d i f fe ren t ia l  whi le  o n l y  t h e  b ladder  tank f i t t e d  w i t h  a s p r i n g  can b e  con- 
ven ien t ly  used i n  a system where  wa te r  separation resu l ts  i n  p ressu re  l o s s .  T h i s  
top ic  wi l l  be  deal t  w i t h  i n  more detai l  i n  the next  section. 
Product  Water Separation - Zero-g  separation o f  t h e  p r o d u c t  water  f rom t h e  h y d r o -  
gen c a r r i e r  gas can b e  accomplished either by induc ing  local a r t i f i c i a l  g r a v i t y  by 
means o f  a ro ta t i ng  d r u m  where  separation occurs, o r  by r e l y i n g  on sur face  tens ion 
effects as occu r  i n  wicks a n d  screens. 
T h e  method used i n  conventional fue l  cell power plant des ign employs a motor  
d r i v e n  ro ta t i ng  separator  as an i n teg ra l  part o f  t h e  hyd rogen  rec i r cu la t i ng  pump.  
T h i s  is depic ted i n  F i g u r e  56. I t  is t h e  separating techn ique used i n  t h e  O r b i t e r  
fue l  cell powerp lan t .  As t h e  mois ture laden gas passes t h r o u g h  t h e  separator, t h e  
water  d rop le ts  impinge on  ro ta t i ng  vanes or pe r fo ra ted  d i sks  and  a re  f l u n g  o u t w a r d  
t o  t h e  walls of a ro ta t i ng  drum.  A stat ionary "p i to t "  t u b e  p i cks  u p  t h e  water  f rom 
t h e  d r u m  and de l i vers  i t  t o  t h e  s torage tank a t  a s l i gh t l y  elevated head induced by 
t h e  ve loc i ty  of t h e  water  pas t  t h e  t u b e  opening. Such a separator  p rov ides  pos i -  
t i v e  in te r face  control,  v i r t u a l l y  no gas ca r ry -ove r  and a pos i t i ve  l i qu id  p ressu re  
head. I t  requ i res  power  and exh ib i ts  the somewhat lower re l iab i l i t y  t yp i ca l  o f  
ro ta t i ng  machines. 
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Figure 56. Motor D r i v e  Rotat ing Separator  i n  H 2  Rec i rcu la t ing  Pump 
T h e r e  are  a number o f  potent ia l  con f igura t ions  of  separators  us ing  wicks 01' 
screens. I n  those us ing  wicks o r  porous metal plates, t h e  water  d rop le ts  a re  
col lected by impingement, o r  t h e  vapor  is condensed on t h e  porous sur face .  I n  
e i ther  case, the small po re  size o f  t h e  material holds and  t r a n s p o r t s  t h e  water., v ia  
a p ressu re  drop, t o  t h e  s torage t a n k  feed p ipe .  F igures  57 and  58 show t h e  use of 
wicks i n  conjunction w i t h  t h e  condenser; i n  one case, as a n  i n teg ra l  p a r t  of t h e  
condenser and in  t h e  second case, as an added section immediately a t  t h e  condenser 
ex i t .  F igu re  59 depic ts  a n  elbow w ick  separator  which,  as shown, may b e  located 
some distance f rom t h e  condenser .  Pre l iminary des ign  estimates ind ica te  t h a t  t h e  
elbow w ick  arrangement is somewhat smaller and  l i g h t e r  t han  arrangements i n  wh ich  
t h e  wicks are associated w i t h  t h e  condenser .  
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Figure 57. Integral Wick Condenser 




Figure 58. Face Wick Condenser 
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F igu re  59. 




Elbow Wick Separator  
also b e  used t o  separate ou t  t h e  condensed 
water .  T h i s  is shown i n  F igu re  60. T h e  mesh size o f  t h e  screen must b e  such 
t h a t  t h e  pores are  smaller t han  t h e  water  d rop le ts  t o  b e  col lected. Due t o  t h e  
hyd rophob ic  na tu re  o f  t h e  screen, t h e  drop le ts  w i l l  r e f r a i n  f r o m  f i l l i n g  t h e  pores 
and  w i l l  b e  swept along t h e  cone t o  a w ick  f i l l ed  chamber a t  t h e  base o f  t h e  cone 
a round  t h e  d u c t  wall .  Hyd rophob ic  sur faces un fo r tuna te l y  t e n d  t o  lose t h e i r  
hyd rophob ic  charac ter  w i th  t ime (due  t o  contamination o f  t h e  l i q u i d )  so t h a t  t h e  l i f e  
o f  t h i s  t y p e  of dev ice is unpred ic tab le .  I t  must  ce r ta in l y  b e  a replaceable i tem. 
A l l  of these des igns r e q u i r e  a p ressu re  d r o p  between t h e  separator  and t h e  s torage 
t a n k  so t h a t  t he  t a n k  p ressu re  must  b e  maintained less t h a n  system pressure .  
Based on these considerations, a mo to r -d r i ven  cen t r i f uga l  separator  ,appears app ro -  
p r i a t e  f o r  near- term applications wh i le  a n  e lbow-wick separa tor  coupled w i t h  t h e  
spr ing- loaded b ladder  s torage t a n k  may b e  more des i rab le f o r  f u t u r e  appl icat ions.  
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F igu re  60. Hydrophobic  Screen Separator 
B .  Reactant Storage Subsystem 
T h i s  section summarizes t h e  resu l ts  o f  a s tudy o f  t h e  management o f  t h e  gaseous 
reactants p roduced  by t h e  e lect ro lys is  cell and consumed by t h e  fue l  cel l  in a 
regenera t ive  fue l  cell system. Specif ical ly, the  s t u d y  focused o n :  
0 methods of  avo id ing  condensation o f  water  vapor- f r o m  t h e  reactant  gases  
i n  t h e  p i p i n g  and storage tanks  
0 s iz ing  o f  reactant  s torage t a n k s  
0 thermal  requi rements of  reactant  storage tanks  
Methods of Avo id inq  Unwanted Condensation - T h e  gaseous reactants, hyd rogen  and  
oxygen,  p roduced i n  t h e  e lect ro lys is  cell ex i t  t h e  cells w i t h  a water  vapor  pa r t i a l  
p ressu re  i n  equ i l ib r ium w i th  t h e  electrolyte a t  cell opera t ing  tempera ture .  For  a n  
e lec t ro ly te  conce,it i-ation o f  25: w g t  KOH, t h e  water  vapor  par t ia l  p ressu re  in  t h e  
reactant  gases would b e  1.0249 psia a t  140OF and 5.357 psia a t  180OF. T h e  
cor respond ing  dew points  a re  about 127OF and 165OF, respec t ive ly .  Because of t h i s  
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s ign i f i can t  quant i t y  of water  vapor ,  reactant  gas t r a n s p o r t  and s torage presents  a 
problem i n  zero-g because o f  t h e  poss ib i l i t y  o f  condensation as temperatures and  
pressures  v a r y .  
Fur thermore ,  i n  view of t h e  fact  tha t  t h e  fue l  cell u t i l izes an aqueous so lut ion of 
KOH as t h e  electrolyte, t h e  des i rab i l i t y  o f  p r o v i d i n g  humid i f ied  gas t o  t h e  fue l  cel l  
is w o r t h y  o f  consideration. 
A l though  the reactant  hyd rogen  may b e  i n t roduced  in to  t h e  fue l  cel l  r ec i r cu la t i ng  
hyd rogen  loop e i the r  upst ream o r  downstream o f  t h e  condenser, i t  is i n  e i t he r  case 
mixed w i t h  a h igh  f low humid i f ied  gas stream. I n  t h i s  case, whe the r  t h e  reac tan t  
hyd rogen  is humid o r  dry ,  t h e  impact on t h e  fue l  cel l  is negl ig ib le ,  and  a t  most, 
m igh t  a l t e r  the e lec t ro ly te  concentrat ion s l i gh t l y .  A n y  addi t ional  mo is tu re  added t o  
t h e  fue l  cel l  in e i ther  stream wi l l  impact t h e  size o f  t h e  condenser ,  b u t  o n l y  mar -  
g ina l l y .  Thus,  i t  i s  re la t i ve ly  immaterial whe the r  t h e  hyd rogen  stream is humid i f ied  
o r  no t .  
I n  pas t  fue l  cel l  appl icat ion, t h e  reactant  oxygen  has been supp l ied  bone dry,  
genera l ly  from cryogen ic  suppl ies.  In i t ia l l y ,  t h i s  resu l ted  i n  excessive d r y i n g  o f  
t h e  cel l  a t  the oxygen  in le t ,  but improvements i n  cel l  des ign read i l y  so lved t h e  
problem, and bone dry oxygen  is  now well  to le ra ted  by t h e  cel ls. Fu l l y  sa tura ted  
oxygen,  on the  o the r  hand, m i g h t  wet  t h e  fue l  cel l  oxygen  in le t  unacceptably  i f  
i n t roduced  a t  fue l  cel l  opera t ing  tempera ture .  However, e lect ro lys is  cell oxygen  
f rom an alkaline e lec t ro lyzer  is no t  f u l l y  sa tura ted  and coula do no worse than  
reduc ing  the in le t  e lec t ro ly te  concentrat ion t o  25", w g t  KOH ( a t  t h e  same tempera- 
t u r e )  wh ich  is acceptable. Thus ,  whi le  dehumid i f y ing  t h e  oxygen  stream wou ld  b e  
acceptable, t he re  is  no  need t o  do t h a t  in t h i s  appl icat ion.  In t h e  case o f  an ac id  
sol id polymer e lect ro lyzer ,  t h e  oxygen  stream ex i ts  t h e  e lec t ro lyzer  f u l l y  sa tura ted  
a t  t h e  e x i t  temperature.  If t h a t  tempera ture  is reduced as can b e  easi ly done by 
locat ing t h e  gas separator  a f t e r  t h e  s tack cooler t h e n  t h e  water  vapor  pa r t i a l  p res -  
su re  in t h e  oxygen  can b e  reduced t o  an acceptable leve l  w i t h  on l y  minor  system 
changes. 
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Thus ,  i t  emerges t h a t  t h e  on ly  concern re la t ing  t o  t h e  humid i ty  i n  t h e  reac tan t  
gases lies i n  t h e  area o f  unwanted condensation i n  t h e  p ip ing ,  p ressu re  cont ro l  
valves and s torage tankage.  Th ree  methods o f  deal ing w i th  t h i s  problem were 
considered:  mo is tu re  removal by condensation, mo is tu re  removal by t h e  use o f  
dessicants, and  p r e v e n t i n g  condensation altogether by tempera ture  cont ro l  i n  t h e  
p ip ing ,  p ressu re  cont ro l  valves and tanks .  
Condensation - F igu re  61 shows an arrangement t o  allow condensing water  f rom t h e  
reactant  gas streams a t  t h e  e lect ro lyzer  ex i t .  Not all of  t h e  water  can b e  removed 
because i n  no  case can t h e  streams b e  cooled below t h e  f reez ing  po in t  of t h e  water .  
From a p rac t ica l  p o i n t  of view, 40°F i s  about t h e  lower  l imi t .  Cooling would b e  
p rov ided  by t h e  spacecraft coolant loop. 
I n  add i t ion  t o  t h e  condensers, it would be necessary t o  p r o v i d e  a reheater  i n  each 
stream and it would s t i l l  b e  necessary to  heat t h e  regu la to rs  and tanks  d i r e c t l y  
since t h e  tempera ture  d r o p  associated w i th  t h e  p ressu re  loss would cool t h e  streams 
f a r  below t h e  40°F dewpoint  of t h e  gas. In shor t ,  no t  enough water  vapor  can b e  
removed by condensation alone t o  adequately p ro tec t  t h e  equipment .  
Dessicants - To  overcome t h e  inab i l i t y  of condensers t o  remove an adequate amount 
o f  water ,  t w o  dessicant beds could b e  employed. An  arrangement employ ing des- 
sicants is shown i n  F igu re  6 2 .  Here, d u r i n g  t h e  cha rge  cycle, condensers a re  used 
upst ream o f  t h e  dessicants t o  remove a large po r t i on  o f  t h e  water  reduc ing  t h e  dew 
po in t  t o  about  -1OOF. T h e  dessicant beds would t h e n  dry  the  reactants f u r t h e r  t o  
about  -75OF. Th is  would completely eliminate any  spur ious  condensation i n  t h e  
s torage tanks .  
- 
D u r i n g  t h e  d ischarge cycle, t h e  s tored reactants could b e  de l i vered  t o  t h e  fue l  cel l  
d ry  whi le  t h e  dessicant beds were desorbed t o  space los ing t h e  water  f rom t h e  
system, o r ,  as shown, t n e  water  adsorbed on the  beds could be  heat desorbed back 
i n to  t h e  reactant  streams and u l t imate ly  re tu rned  t o  t h e  system v ia  t h e  fue l  cel l  
u n i t  condenser .  T o  p r e v e n t  condensation in  t h e  fue l  cell p ressu re  regu la to r ,  
addi t ional  heat ing  would b e  necessary and could b e  p r o v i d e d  b y  overs ize heaters i n  
t h e  dessicant beds. 
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F igu re  61. Reactant Gas Mois tu re  Removal by Condensation 
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Al though t h i s  system would pos i t ive ly  protect  against  unwanted condensation, i is 
deemed o v e r l y  complicated and unacceptably heavy .  Development of t h e  dessicant 
beds, t hough  ce r ta in l y  possible, would  entai l  a n  unnecessary development cost .  
Reactant Temperature Contro l  - The  method selected f o r  avo id ing  unwanted conden- 
sation involves no th ing  more complicated than heating, b y  means of t h e  in ternal  
coolant loop, t h e  c r i t i ca l  areas of  t h e  p ip ing and tankage t o  keep t h e  reactant gas 
tempera ture  above t h e  dewpoint  temperature a t  t h e  e x i t  of t h e  e lect ro lyzer .  Th i s  
system is shown in  F igu re  63. Basical ly, the  p ressu re  regulators  and storage tanks  
a re  all t h a t  r e q u i r e  heat ing.  Small p ressure  losses in  t h e  p i p i n g  can b e  ignored i f  
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F i g u r e  63. Reactant Gas Temperature Contro l  
a reasonable temperature marg in  i s  maintained above t h e  dewpoint  temperature.  
F i g u r e  64 shows t h e  cyc l i c  dewpoint  variation of  t h e  reactant  gases i n  t h e  s torage 
t a n k s  as a funct ion of e lect ro lys is  cel l  opera t ing  p r e s s u r e  a n d  temperature.  T h e  
system is simple, u t i l izes o n l y  fue l  cel l  and  e lect ro lys is  cel l  waste heat,  has a low 
weight  penalty, and e x h i b i t s  h i g h  re l iab i l i t y .  
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ASSUMPTION: LINEAR PRESSURE CHANGE 
T IS EIC OPERATlNG TEMPERATURE AN0 GAS STORAGE TEMPERATURE 
T = 180°F 
TIME - MINUTES 
F i g u r e  64. Dewpoint  Temperature in Reactant Storage T a n k s  
Reactant Tank Sizinq - Reactant storage tanks were sized to  determine volume and 
we igh t  charac ter is t i cs  and t o  serve as a basis f o r  thermal requi rements o f  reactant  
storage. T h e  basis for  t h e  s iz ing was a lOkW regenerat ive fue l  cel l  system module. 
Two tempera tu re  and p ressu re  levels cover ing t h e  range of  i n te res t  were used as 
shown in Tab le  X V I  which also shows t h e  o ther  p e r t i n e n t  operat ional  parameters.  
- 109- 
Power Systems Z iv is ion  FC R -61 29 
Table XVI. H, and O 2  Storage T a n k  Siz ing Parameters 
Tanks  were  sized f o r  two  tempera ture  levels o v e r  a , -a ige  of p ressu res .  
Nominal: Temperature ( O F )  ( " C )  140 (60) 
E/C Pressure, Range (psis) ( k 9 / c m 2 )  ?OO - 500 
(14.06 - 35.15)  
F/C Pressure (ps ia)  ( kg /cm2)  60 (4.22)  
Stored Quanti t ies ( L b / O r b i t )  ( K g / O r b i t )  : 
Hydrogen 0.565 (0.256) 
Oxygen 4.486 (2.035) 
Actual  T a n k  Pressure (ps ia )  ( k g / c m * )  
Maximum, Range 
Minimum 
Water Vapor  Dew Point ( O F )  ("C) 
Maximum, Range 
Mi n imum, Range 
190 - -190 
(13.36 - 34.45) 
70 (4.92)  







200 - 500 
(14.06 - 35.15)  
60 (4 .22)  
0.549 (0.249) 
4.359 (1.977)  
190 - -190 
(13.36 - 34.45) 
70 (4.92)  
163 - 164 
(72.78 - 73.33) 
123 - 92 
(50.56 - 33 33) 
T a n k  weights a re  based on t h e  use o f  lnconel  as t h e  t a n k  material,  and t h e  essen- 
t ia l  material and conf igura t ion  assumptions a r e  shown in Tab le  XVI I .  
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Table XVI I .  H, and  0 ,  Storage Tank Weight Parameters 
Mat e r i a I I nconel 
Shape Spher ical  
Y ie ld  S t r e n g t h  (ps i )  (kg /c rnz)  135,000 (8788.38) 
Safety Factor 1 . 5  
Mount ing  B racke t  AI  Iowa nce 30% 
Figures 65 and 66 show tank volumes and weight, respec t ive ly ,  as func t i on  of 
e lectrolysis cel l  ope ra t i ng  p r e s s u r e  w i t h  storage temperature as a parameter .  
Reactant Tank and Pressure Regulator  Thermal Requirements - Because o f  t h e  
decision t o  maintain t h e  t a n k s  a n d  pressure regulators  where  s ign i f i can t  cyc l i c  
p r e s s u r e  var ia t ion  occurs a t  constant  temperature, t h e  thermal requirements f o r  
these components were based on  isothermal thermodynamic expansions a n d  corn- 
pressions o f  t h e  gas. 
F o r  t h e  s torage tanks  which have a s igni f icant sur face area, heat loss t o  t h e  ambi- 
e n t  was also inc luded f o r  b o t h  unir isulated and insu la ted  tanks .  T h e  insulat ion 
chosen was similar t o  t h a t  used on  t h e  Orb i te r  powerplant,  but  in a g r e a t e r  t h i c k -  
ness. T h e  assumptions used fo r  t h e  determination o f  storage t a n k  thermal r e q u i r e -  
ments a r e  summarized in Tab le  XVI I I .  
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F i g u r e  65. Reactant S torage T a n k  Volume 
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F igu re  66. Reactant Storage T a n k  Weight 
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Table XL ' I I I .  H, and O 2  Storage T a n k  Thermal  Parameters 
Maintain Tanks  a t  System Opera t i ng  Tempera ture  D u r i n g  Both  Charge 
and Discharge ( Isothermal  Compression and  Expansion o f  T a n k  Conten ts )  
Env i  ronment 
To. = 20°R ( l l . l ° K )  
0 Radiation On ly  
Insulat ion 
0 T a n k  Cover  Material -Go ld  Metalized Kapton Film Layers Separated 
B y  Mic ro f iber  Mat t  o f  Borosi l icate 
0 K = 0.00044 Btu /F t -Hr -OF ( I n  Space Vacuum) 0.0006539 
cal,/m- hr-OC 
E - 0.15 
0 Thickness  = 2 .0  i n .  (.0508 meters)  
e Connector and Mount ing  B racke t  Thermal Dam Material - Molded 
(R ig id )  F iberg lass 
0 Heat Loss t h r o u g h  F i t t i ngs  and  Moun t ing  Brackets  is Negl ig ib le  
T h e  s torage tank  thermal  requi rements a re  shown graph ica l l y  i n  F igures 67 and 68. 
Both  cu rves  d isp lay t h e  maximum magnitude o f  t h e  heat ing  r e q u i r e d  which occurs  a t  
t h e  end of t h e  cha rge  cyc le  and t h e  b e g i n n i n g  o f  t h e  d ischarge cyc le.  T h e  
var ia t ion  in requ i red  heat input w i t h  t ime is  small w i t h i n  each cyc l i c  phase. 
For  t h e  pressure  regulators ,  heat losses t o  t h e  env i ronment  were assumed t o  b e  
ins ign i f i can t .  T h e  heat i npu ts  shown in F i g u r e  69 a re  t h e  maximum expected and  
occur  when the p ressu re  d r o p  across each regu la to r  is a t  maximum: a t  t h e  beg in -  
n i n g  of t h e  charge cyc le f o r  t h e  e lect ro lys is  cel l  p r e s s u r e  regu la to r  and a t  t h e  
beg inn ing  of t h e  d ischarge cyc le  f o r  fue l  cel l  p r e s s u r e  regu la to rs .  A s  t h e  cyc l i c  
phases proceed, t h e  heat i n p u t  requi rements d imin ish .  
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F igu re  67. Heat I n p u t  t o  Maintain Reactant Storage Tanks 
a t  Constant Tempera tu  r e  D u  r i n g D i sc h a r g e  
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Figure  68. Heat I n p u t  t o  Maintain Reactant Storage Tanks  
a t  Constant  Ternperatu r e  D u r i n g  Charge 
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F igu re  69. Maximum Heat Inpu t  t o  Pressure Regulators 
f o r  Isothermal Operat ion 
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ENGINEERING MODEL SYSTEM COMPONENT REQU TRtMENTS 
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IABLE xx. IN S I HUt1[N I CIIAR I 
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IF -2 1 
f(- 22 
Tf- 2 3 
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I r- 7 
I V- " 
Appl i c atlon 
CO Jld e Jl s ll r 11 2 Ex it Temp. 
Coo l ant Heturn Temp. 
f/C Stack Coo l ant 
I n let 1 emp . 
flC Stack Coo l ant 
Ex it l emp . 
flC Rea c tant Regu l ator 
Coo l nnt Ex it Temp . 
flC Stack Coo l ant 
I n l et 1 emp. 
f/C St ack Coo l ant 
Ex it Temp. 
11 2 Tank l e lliperature 
02 Tank Tellipe rature 
11 2 Tank Press u re 
02 TaJik Press u re 
flC l ermina l Vo l tage 
flC Terminal Current 
fl C l e .m iJia l Vo ltage 
fl C r crmiJln l Current 
WnlC,. I ce d l a llk Le ve l 
Meas ureme Jl t 
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